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I . INTRODUCT ION 

A. GENERAL C O ~ N T S  

This is the Third Quarter ly  Repor, covering the perioc from 

9 Apri l  t o  8 Ju ly  1966, under Contract NASW-1341, e n t i t l e d  "Laboratory 

and Theoret ical  Invest igat ion of Chemical Release Experiments." 

program has been operated a t  a s l i g h t l y  accelerated pace because of the 

a v a i l a b i l i t y  of the key personnel. 

of schedule i n  terms of i t s  work accomplishments (which are  reported 

below) and It i s  an t ic ipa ted  it w i l l  be f in i shed  approximately one month 

earlier than o r ig ina l ly  planned. 

This 

Consequently, the program i s  ahead 

In accordance with discussions with Mr. H. Hipshar of NASA, 

Headquarters, the repor t s  issuing from t h i s  program are being d i r e c t l y  

writ ten up as communications f o r  the s c i e n t i f i c  journals ,  r a the r  than 

as GCA S c i e n t i f i c  Reports on the  program because of the la rge  number of 

such repor t s ,  Papers already f inished a r e  included i n  the Appendix and 

number four t o  date  with others  expected short ly .  

B e  WORK SUMMARY 

There i s  l i s t e d  i n  paragraph C the  papers submitted o r  i n  prepara- 

t i o n  under t h i s  contract .  For those  portions of the cont rac t  already com- 

pleted a b r i e f  summary w i l l  be  given i n  Section If of the per t inent  paper. 

For those papers i n  preparation, a more extended discussion w i l l  be 

furnished i n  t h a t  sect ion.  

simply been wr i t ing  the papers, 

A large portion of t h i s  quarter ' s  work has 

1 



As of t h i s  quar te r ,  the following taaks-of  the contract  have been 

complete d : 

(1) Examination of the chemiluminous react ions of tr imethyl bismuth 

t r imethyl  phosphorous, dimethyl mercury and d i e thy l  cadmium with atomic 

oxygen, atomic ni t rogen and ozone. 

(2) Measurement of r e l a t i v e  i n t e n s i t i e s  of the  foregoing compounds 

and i n  one instance the absolute  i n t e n s i t y  of the chemiluminescence of 

ozone with "MA. 

(3) The examination of the measurement of atmospheric temperature 

by the  tw i l igh t  f luorescence technique. 

ments showed t h a t  the determination of r e l a t i v e  v ib ra t iona l  t r a n s i t i o n  

p robab i l i t i e s  were incons is ten t .  

Further ,  the t r u e  po ten t i a l  energy curves fo r  the  A and X s t a t e  of the 

AJO molecule were computed. 

v ib ra t iona l  levels, the Franck-Condon f ac to r s  and the  r-centroid were a l s o  

computed . 

Here ana lys is  of previous measure- 

Consequently, new measurements were made. 

The v i b r a t i o n a l  wave functions of the  d i f f e r e n t  

1 
(4) The deact ivat ion of O( D) by O2 and the charge exchange cross  

sec t ion  of Cs with O2 and N2 has been measured. 

( 5 )  k study on the  opt ica l  morphology of chemical release clouds 

as a funct ion of sca t t e r ing  angle f o r  clouds of intermediate opaci ty  

(T = 1-10) has been completed. 

( 6 )  A study of the  dynamic growth of p a r t i c l e  clouds under condi- 

t i ons  of var ious i n i t i a l  ve loc i ty  d i s t r i b u t i o n  and drag laws has been 

completed. 

2 



I n  the  remaining quarter of the  cont rac t ,  there  remains t o  be 

completed: 

(1) The fluorescence calculat ions and preliminary laboratory 

measurements of the v ib ra t iona l  t r ans i t i ons  are t o  be checked i n  a 

simulator.  

(2) A measurement of the rate of consumption of severa l  organo- 

metallics with molecular oxygen. 

It is a l s o  planned t o  publish the  papers l i s t e d  below as "in 

preparat ion . 'I 
Work has been he ld  i n  abeyance on the d i f f e r e n t i a l  spectrophotometry 

technique f o r  determining the r a t i o  of atomic oxygen and ozone by chemilumi- 

nescence with n i t r i c  oxide because of recent  doubt case on the  chemilumi- 

nescent reac t ion  r a t e  of atomic oxygen w i t h  n i t r i c  oxide by Golomb, e t  a l ,  

of the  AF'CRL group, and Spindler of t he  Canadian group. Some small e f f o r t  

w i l l  be put i n t o  the  so lu t ion  of t h i s  dilemma ofzeact ion r a t e s .  

an ind ica t ion  t h a t  the answer may be i n  the value of the quenching r a t e s  

used in the work of Schiff .  

There is  

3 



C. LIST OF PUBLICATIONS (SCIENTIFIC JOURNAL ARTICUS SUBMITTED 
OR I N  PlIEPARATIOl.1) 

(1) "A Spectroscopic Study of the Chemiluminescent Reaction of 

Germanium Tetrahydride with Atomic Oxygen," A. S h a m  and J. P. Padur, 

submitted t o  Proc. Phys. SOC. 

2 2 (2) "he True Potential  Energy Curves of X C and A C States  of AJO 

Molecule," A. Sharma, submitted t o  J. Quant. Mol. Spectrosc. Rad. Trans. 

2 2 (3) "Franck-Condon Factors and R-Centroids of A C - X C Band 

System of Al?O," A. Shema, t o  be submitted t o  J. Quant. Mol. Spectrosc. 

Rad. Trans. 
2 2 (4) "Relative Vibrational Transit ion Probability of A C - X C 

Band System of AJO," A. S h a m  and P. Warneck, i n  preparation. 

( 5 )  "Studies of Ion-Neutral Reactions by a Photoionization-Mass 

Spectrometer Technique," P. Warneck, submitted to  J. Chem. Phys. 

( 6 )  "The Chemiluminescent Reactions of Atomic Oxygen with COS and 

HpS," A, Sharma, J. P. Padur and P. Warneck, submitted to  J. Phys. Chem. 

(7) 

(8) 

"Atmospheric Ion Neutral Reactions," P, Warneck, i n  preparation. 

"The Morphology of Intermediate Optically Thick Vapor 

Atmosphere Clouds," J. Pressman and H. K. Brown, i n  prqparation. 

( 9 )  "The Dispersion of Par t iculate  kk t te r  i n  the Upper Atmosphere 

f o r  Different I n i t i a l  Velocity Distributions and Drag Laws,," J. Pressman 

and H. R. Brown, i n  preparation. 
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D. FISCAL SUMMARY (9 A p r i l  through 8 July 1966) 

Cateaorv Hours 
7 

No. of People 
i n  Category 

Principal Scientist  342 1 

Staff Scientist  166 1 

Senior Scientist  601 3 

Junio r Sc i en t i  8 t 175 1 

Senior Technician 166 5 

Technical v p i s t /  
Il lustrator 

Junior Technician 

7 0  

31 

COST TO DATE 

Labor $24,800 

Indirect Costs 0 

Material & Supplies 3,800 

Equipment 

Travel 0 

Total to date 
(including overhead) $67,900 

E. TRAVEL SUMMARY 

No t r i p s  taken th i s  quarter. 

5 
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11. DETAILS OF WORK PERFORMED 

Below there  i s  furnished succinct sunrmaries of work already f inished 

and more de ta i led  discussions of work i n  progress. 

A, DEACTIVATION OF O(lD)  BY MOLECULAR OXYGEN AND 

I n  the previous quarter ly  report ,  a series of 

described which attempted t o  iden t i fy  the  presence of 

NITROGEN 

experiments were 

'D oxygen atoms i n  

a vessel by t h e i r  emission of 63002 radiat ion.  This emission i s  s t rocgly 

forbidden and is, therefore ,  d i f f i c u l t  t o  detect ,  but  an ana lys i s  of t he  

experimental s i t u a t i o n  indicated t h a t  de tec t ion  should be possible  under 

optimum conditions. Since 63002 rad ia t ion  i s  the  only property of O( D) 

oxygen atoms which unequivocally ind ica t e s  t h e i r  presence, these experi-  

ments were considered essential. 

1 

Nevertheless, no successful de tec t ion  

of 6300g r ad ia t ion  

mentally ava i lab le  

in su f f i c i en t .  

could be achieved and i t  was concluded t h a t  the experi-  

production r a t e  of O( D) by photolysis  of oxygen i s  1 

. 
The p o s s i b i l i t i e s  of using chemical t r a c e r s  of O('D) have been 

discussed i n  a previous quarter ly  r epor t  and the advantages of ozone 

production rates as ind ica to r  for presence of O( D) has been pointed out. 

This method is b e s t  used i n  conjunction with the  photolysis  of oxygen 

using 14702 Yenon resonance rad ia t ion  because a t  t h i s  wavelength the  

primary process is 

1 

* 
(1) O2 4- hv -+ 0 + 0 

* 
Where 0 st-jnifies exci ted 0-atoms i n  the  'D states. 

pressures  of oxygen tke subsequent reac t ions  are 

A t  s u f f i c i e n t l y  high 

6 
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(2) 0 + 2 o2 + o3 + 02, f a s t  
* 

(3) 0 + O2 + M + O2 + M, k3 

(4) 
* 

0 + o2 3 o2 + 0, k4 
* 

( 5 )  0 + O3 -+ O2 + 02, ks 

The determination of r a t e  constants  requi res  the  quan t i t a t ive  

measurement of the ozone quantumyield as a funct ion of var ious expari-  

mental parameters. However, as i s  genersl ly  t r u e  with photochemical 

systems, only r a t i o s  of rate constants  can be determined and absolute 

rate constants  mst be obtained by compairson with o the r  ava i l ab le  

values. The method by which t h i s  can be accomplished has been discussed 

previously. 

The experimental arrangement f o r  the study of the above pho- 

t o l y s i s  system has been described previously i n  a d i f f e r e n t  context,  

Brief ly ,  the production of ozone in a flow system is  inves t iga ted  as a 

funct ion of pressure and temperature and as a funct ion of fore ign  gas 

addx tu re .  Figure 1 shows the  r e s u l t s  obtained f o r  pure oxygen, a 1:l 

mixture of ni t rogen and oxygen, and 1:4 mixture of n i t rous  oxide and 

oxygen, a l l  a t  room temperature. The decl ine of the ozone quantum y ie ld  

with decreasing pressure f o r  pure oxygen and the oxygen-nitrogen mixture 

ind ica t e s  q u a l i t a t i v e l y  t h a t  quenching of O (  D) by e i t h e r  gas cannot be 

very rapid,  since otherwise the  ozone quantum y ie ld  should be independent 

of pressure and would have a value Of g(03) 

ozone quantum y ie ld  t o  values of about un i ty  in the  N20-02 mixture ind i -  

cates a complete l o s s  of O( D) by reac t ion  with N20, which i s  known t o  

be rapid. 

1 

2. The decrease of the  

1 
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A detai led analysis of these data w i l l  not be given here. 

r e s u l t s  can be expressed in terms of k4/k5, k6/ks and 5 / k 5  where k6 and 

5 are the rate coef f ic ien ts  associated with the reactions. 

The 

* 
(6) 0 +N2 - O + N 2  

* 
(7) 0 + N20 * N2 + O2 

* NO + NO 

The part i t ioning r a t i o  f o r  the two types of react ion products i n  Reaction 

(7) are about 1:l. The resul t ing rate constant r a t i o s  are shown below 

k4/k5 k6’k5 k7/ks 

6.1 lom4 2.7 loo4 6.0 loa3 
1 It is evident t ha t  in a l l  cases the  reaction of O( D) with ozone is much 

faster .  

da ta  concerning the f l a sh  photolysis of ozone. 

be obtained from the  temperature dependence of the ozone quantum yield 

A lower l i m i t  f o r  k5 has been given by Fitzsimmons and Bair from 

An upper l i m i t  t o  k5 can 

i n  the present work which has been reported elsewhere. 

cc/molecule second. 

oxygen is, accordingly, k1*4x10-15 cc/molecule second. 

constants a r e  ka z 2 ~ 1 0 ~ ~ ~  cc/molecule second, 5 z 4 x 

second . 

The absolute rate constant fo r  the  

N 

Thus, ks - 7x10°1* 

deactivation by 

The other rate 

10-l~ cc/molecule 

B e  ION WLECUIJI REACTIONS 

This section deals with the determination of the r a t e  constants 

associated with the reactions of atomic oxygen ions, 

9 
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+ (8)  0 + O2 * 0; + 0 

(9) 0' + N2 + NO' + N 
+ which t o  a l a rge  ex ten t  con t ro l s  the  abundance of 0 and NO' ions  in t he  

ionosphere. 

used t o  determine the  appropriate  rate constantsa  

employs photoionization as the  source of the  primary ions, and thereby 

e l imina tes  many of the  d i f f i c u l t i e s  associated with common e l ec t ron  impact 

ioniza t ion ,  f o r  example, the  generation of impur i t ies  a t  hot  f i laments,  

etc. 

technique has been given i n  the  previous quar te r ly  repor t ,  Briefly,  

i t  c o n s i s t s  of ionizing a gas mixture i n  an ion iza t ion  box, i n  a plane 

perpendicular t o  the  ion  e x i t  aperature by r e p e t i t i v e  pulses  of u l t r a -  

v i o l e t  l i g h t  a t  wavelengths around SO&. 

t o r  is used t o  provide the required d ispers ion  with 52 resolut ion.  

the  ion source, the  primary photo-ions a r e  d r i f t e d  t o  the  ion  e x i t  aperature  

by means of a r e p e l l e r  f i e l d  and during the  d r i f t  they undergo the desired 

react ions.  

s t rong  focussing f i e l d  a t  reduced pressure so t h a t  f u r t h e r  reac t ions  are 

suppressed. Accordingly, the primary ions react only during t h e i r  resi- 

dence time i n  the  source. 

source, the  residence t i m e  i s  determined by measuring the  delay time ob? 

served between the  formation of a p a r t i c u l a r  ion  and i t s  a r r i v a l  a t  the  

mass spectrometer detector .  

times obtained with d i f f e r e n t  r epe l l e r  vol tages  i s  used t o  separate  the  

Under the  present  cont rac t  a novel experimental technique i s  

This experimental method 

A de t a i l ed  desc r ip t ion  of the  photoionization mass spectrometer 

A vacuum u l t r a v i o l e t  monochroma- 

In 

As soon as they leave the  source, the  ions  a r e  subjected t o  a 

Making use of the pulsed na ture  of the l i g h t  

- 

A graphical ex t rapola t ion  procedure f o r  delay 

10 
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residence time i n  the  source from the t o t a l  f l i g h t  t i m e  of the ions i n  the  

mass spectrometer f o r  the  employed condi t ions,  

techniques are described i n  a paper submitted t o  the  Journa l  of Chemical 

Physics and e n t i t l e d  "Studies of Ion-Neutral Reactions by a Photoioniza- 

t i o n  Mass Spectrometer Technique." 

The d e t a i l s  of these 

In  the  previous quar te r ly  repor t  a series of experiments were 

described which involved pure oxygen ionized a t  5852, 

the  r a t e  constant f o r  Reaction (8) was obtained as kl 

c c h o l e c u l e  second. I n  the present repor t ing  period, addi t iona l  experi-  

ments were performed with air, using ionizing l i g h t  a t  two d i f f e r e n t  wave- 

lengths,  e i t h e r  5842 o r  630g, by se l ec t ing  su i t ab ly  s t rong l i n e s  e d t t e d  

from the  l i g h t  source. 

t i o n  a t  65&, so t h a t  the occurrence of Beactions (8 )  and (9 )  could be 

From these data, 

2.25 x 

Both wavelengths l i e  below the  onset  of 0' forma- 

+ + Additional primary ions  are O2 and Nz" ant ic ipated.  The former under- 

goes no not iceable  react ions,  but t he  la t ter  r e a c t s  with O2 by charge 

t r ans fe r :  

(10) N2 + + O2 + 0; + N2. 

Altogether then there  are three  reac t ions  occurring simultaneouoly 

making the  ana lys i s  complicated. 

i n t e r f e r e  with the  loss of 0 

ing  t o  Reactions(8) and (9); so that  these can be t r ea t ed  separately.  

Moreover, i n  the  ac tua l  experiments, t he  production of primary 0 

Fortunately Reaction (10) does not 
4- + ions and the  production of NO ions  accord- 

+ ions i s  
+ only about 1/10 of O2 ions, so t h a t  

i s  neg l ig ib l e  i n  comparison t o  that 

+ the generat ion of O2 

from Reaction (10). 

from Reaction (8) 

While t h i s  favors  

11 
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t h e  determination of the  r a t e  constant f o r  Reaction (lo), it a l s o  excludes 

+ t he  use of O2 formation from Reaction (8) f o r  the  determination of 5. 
However, 5 and k2 can be determined from the  behavior of the  0 

3. 3. and NO 

%OR cur ren t s  alone. The appropriate r a t e  equations are:  

ace+> d t  = k,(O+) (02) + k2(0+) @I2) = kl (O+) (02) (1 + E) 

+ 
= k2(0+) (N2) = kl (0') (02) E 

d t  

where 6 = k2(N2)/l?(O2). 

y i e l d s  

S t ra ight  forward in t eg ra t ion  over the t i m e  period 

From these equations, the  rate constants kl and k2 can be obtained i n  the 

form + 
(0 )o 

(O+) 
log - 1 

ICl = (1 + 6 )  (Og)t 

+ As previously, the  i n i t i a l  oxygen ion  in t ens i ty ,  (0 )o, i s  derived 

from the  sum of the ion  i n t e n s i t i e s  a t  the  considered pressure weighted 

with the  f r a c t i o n  of the  0 ion  in t ens i ty  a t  low pressures.  + A t  pressures  

12 



below 100 microns tihere A(0') is not  l a rge  enough t o  be usefu l  f o r  t he  

determination of the  r a t e  constants, 2c2 can s t i l l  be obtained from the  

using the  approxima t i o n  + observed NO ion i n t e n s i t y  by 

+ Figure 2 shows the  0 + and NO ion  i n t e n s i t i e s  r e su l t i ng  from these 
+ experiments, normalized with respect t o  the  0 

pressures  t o  take i n t o  account t h e  d i f fe rence  in l i g h t  i n t e n s i t i e s  and 

ion iza t ion  c ros s  sectiotlc st the  two wavelengths 5858 and 6302. Also 

shown in Figure 2 by the  s o l i d  line, is the  init ial  0 ion in tens i ty .  The 

occurrence of Reactions (8) and (9) ; i s  evidenced by the l o s s  of 0 and the  

+ production of NO . Since, with the exception of the  ionizing wavelength 

the  experimental condi t ions were the same, the agreement of the two sets 

of da ta  ind ica t e s  t h a t  the react ion rates a r e  independent of wavelength 

a s  indeed they a r e  expected t o  be. 

shown 

ion  i n t e n s i t y  slope a t  low 

+ 
+ 

A treatment of the experimental da ta  

i n  Figure 2,according to  the  above equations and the r e su l t i ng  

averaged 

averages 

with the  

rate constants  kl and k y a r e  given in Tables 1 and 2. The 

obtained f o r  kl are in good agreement with each o the r  and a l s o  

value reported in the  l a s t  quarter.  The average from these three  

values  is kl = 2.0 x cc/molecules sec. 

ment with that given recent ly  by Sayers and col laborators ,  k, = 1.6 x 10 

This value is in good agree- 
-11 

cc/molecule sec, but it is 

= 4 x 10-l~ cc/molecule kl 
flowing afterglow device. 

agreement i s  observed. It 

L 

by a f ac to r  of two lower than the  rate constant  

sec obtained by Fehsenfeld, e t  al .  with the  

However, even i n  t h i s  case,  order  of magnitude 

As s ign i f i can t  t h a t  these values were obtained 

13 
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TABLE 1 

REACTIONS WITH OXYGEN AND NITROGEN OF 0’ LONS PRODUCED By 

PHOTOIONIZATION OF AIR AT 5852 WAVELENGTH 

12 

(cc/molecule sec) 

( 2  (O+) (NO+) (O+), B t klx 1 O1 k2x 10 
(microsec) (aicrons ) (Arbitrary Units) 

44 
59 
61 
80 
90 

105 
138 
1 45 
15 2 
165 
298 

27 
48 
39 
55 
63 
70 
72 
69 
76 
75 
72 

0. 7 
1.6 
1.5 
3.0 
3.7 
4.8 
6.6 
7.8 
8-4 
9.9 

10.8 

34.4 --- 3.7 
44.8 --- 4.2 
44.8 --- 4.2 
55.8 --- 4.9 
63.2 --- 5 *.. 2 
68.3 --- 5.4 
83.0 1.33 5*4 
83.7 1.00 5.8 
96.0 1.00 5.9 
99.0 0.76 6.2 

104.0 0.90 6.7 

--- 4.75 
5.45 --- 4.82 

--L. 5.20 
-0- 4.70 - -- 4.45 
1.32 4.30 
1.74 4.45 
1.98 4.90 
2.20 4-20 
2.20 5.15 

Average 5 = le90x1O-” cc/molecule sec, Av. k2 - 4 . 7 6 ~ 1 0 - ~ ~  cc/molecule 8ec 

TABLE 2 

REACTIONS WITH OXYGEN AND NITROGEN OF 0’ I O N S  PRODUCED BY 

PEfoTOIONIZATION OF AIR AT 6308 WAVELENGTH 

+ B t klxlOl1 k2x10 1 2  
P co+> <NO+) (0 )o 

(microns ) (Arbitrary Units) (microsec) (cc/molecule sec) 

40 
68 
74 
99 

111 
120 
138 
156 
166 
181 
195 
205 

6.0 
10.0 
12.0 
16.0 
16.0 
16.0 
18.0 
18.5 
20.0 
19.0 
17 .O 
19.0 

0.2 
0.5 
0.5 
1.2 
1.3 
1.6 
3.7 
4.0 
4.8 
5.4 
4.6 
5.1 

7.6 
11.2 
12.0 
15.5 
18.0 
19.5 
22.3 
24.6 
27.4 
28.1 
30.2 
31.6 

3.7 
4.7 

--e 4.9 --- 5.7 
5.7 

1.06 6.2 
1.20 6.7 
0.98 7.3 
0.85 7 e5 
0.78 7.9 
0.74 8.2 
0.78 9.6 

--- 
-..e 

--.. 

--- 4.10 
4.10 

-I- 4.96 --- 4.90 ..-- 4.71 
1.78 4.02 
1.65 4.80 
1.95 4.82 
2.03 4.32 
2.27 4.42 
2.35 4.35 
2.25 4.40 

Average kl = 2 . 0 4 ~ 1 0 ~ ~ ~  cc/molecule sec, Av. k2 - 4.53~10-l~ cc/molecule 8ec 
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by e n t i r e l y  d i f f e r e n t  experimental methods because the agreement thus makes 

kl one of the  bes t  es tab l i shed  thermal r a t e  constants  of atmospheric ion  

molecule reactions.  

+ The average r a t e  coe f f i c i en t  f o r  the  r eac t ion  of 0 ions  with 

n i t rogen  i s  k2 = 4.6 x 

agreement with lc2 = 3 x 

Langstroth and Hasted have employed the  t r ans i en t  afterglow method and 

found k2 = 4.7 x 

agreement with the  present  value, were i t  not  for the  f a c t  t h a t  they a l s o  

reported kl = 1.8 x The l a s t  value i s  by an order  

of magnitude too low, thereby cas t ing  doubt on both of t h e i r  determinations. 

cc/molecule sec. This value i s  i n  reasonable 

cc/molecule sec given by Fehsenfeld, e t  a l .  

cc/molecule sec, which would be i n  exce l l en t  

cc/molecule sec. 

The present  experiments a lso y i e l d  da ta  on Reaction (LO). The rate 

cons tan ts  found f o r  the experiments a t  585g and 6308, respec t ive ly  a r e  

k3 
i n  

a t  

= 1.08 x 10" c c / m l e c u l e  sec and 1 

good agreement with each other, with an e a r l i e r  value obtained with l i g h t  

= 1.06 x 10-l' cc/molecule sect s 

wavelength near the  onset  

1.0 x cc/molecule sec, 

C. CHEMILUMINESCENCE I N  

The chemiluminescent 

+ of N2 formation, and with the value of 

given by Ferguson and col laborators .  

THE REACTIONS OF ATOMIC OXYGEN WITH COS AND H2S 

i n t e n s i t y  i n  the  reac t ions  0 + COS and 

0 + €$S was s tudies  i n  a flow system a s  a funct ion of t i m e  and reac tan t  

concentrations.  

reac t ions  gives the same spectrum, so t h a t  the  process leading t o  t h e  

chemiluminescence presumably i s  the same i n  both cases. 

experiment, evidence was sought that the  responsible  reac t ion  i s  

It has been shown previously t h a t  the  emission from both 

I n  the  present  

16 



O + S O - , S 0 2 + h v  

This evidence has been obtained from the in tens i ty  time p ro f i l e  of the 

chemiluminescence and i t s  reactant concentration dependence. Figure 3 

shows tha t  the in tens i ty  increases i n i t i a l l y  l inear ly  with reaction time, 

and t h a t  the slope is a function of the reactant concentration. 

i n i t i a l  slope was found t o  vary d i rec t ly  with the concentrat%on of 3 s  o r  

COS and with the square of t h i s  oxygen atom concentration. 

can be interpreted i n  terms of Reactions (11)thru (13) 

The 

The r e su l t s  

(11) 0 + cos * so + co 

(12) 0 + €$S -* SO + H2 

(13) 0 + SO + SO2 + hv 
i f  €t is taken in to  account t h a t  for suf f ic ien t ly  short  reaction times 

the  consumption of the i n i t i a l  reactant i s  s t i l l  negligible. We therefore 

have f o r  the reaction 0 + COS as an example: 

Am = kl (0)  (COS) A t  

A - I1 = k3 (0) '0 & = k3 kl (0)2 (COS) A t  

The right-hand s ide of t h i s  equation represents the i n t t i a l  slope of the 

in t ens i ty  time profile.Similarly f o r  the 0 + H2Sreactioa 

Equations (1) and (2) predict  a l inear  re la t ionship with i n i t i a l  CSO o r  

3 s  concentration and a quadratic one for the atomic oxygen concentration. 

This i s  i n  agreement with the relationship found in the present experiments. 

17 
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The absolute  i n t e n s i t y  i n  the  0 + H2S r eac t ion  i s  b r igh te r  than 

t h a t  of the  0 + C O S  r eac t ion  and t h i s  f a c t  i s  explained by a d i f fe rence  

i n  the  r a t e  constants. From Equations (I.) and (2) one obta ins  

AI,/& k2 EH2S] 
=- -  

AIl/& kl [COS] 

f o r  equal oxygen atom concentrations. 

t he  r a t i o s  of these r a t e  constants can be determined: k2/kl = 1.85. 

From the  experiments, therefore ,  

-14 Since k1 had been measured previously i n  t h i s  1sSorstory a s  IC = 0.91 x 10 1 
cc/molecule sec, we f ind  k2 = 1.7 x cc/molecule sec. 

It must be emphasized that  this r a t e  constant  r e f e r s  only t o  t h a t  

po r t ion  of the  0 + H2S r eac t ion  which leads  t o  the formation of SO. The 

o v e r a l l  r eac t ion  path includes an  addi tonal  r eac t ion  and consequently i s  

f a s t e r ,  The rate constant  associated with Reaction (13) 

(13) 0 + SO + SO2 + hv 

was a l s o  determined by comparing the  l i g h t  i n t e n s i t y  from the  0 +COS 

r eac t ion  with t h a t  produced i n  the air -af terglow reac t ion  

(14) 0 + NO + NOq + hv 

The r e l a t i v e  spectral d i s t r i b u t i o n s  of both reac t ions  were taken i n t o  

account and an in te r fe rence  f i l t e r  was used i n  the  region around 410051 

where both spec t ra  overlap. The in t roduct ion  of NO t o  the  system 

r e s u l t s  in emission which i s  time independent, whereas the i n t e n s i t y  

produced i n  the  COS r eac t ion  increases  l i n e a r l y  with time. 

cases, the  i n t e n s i t y  i s  given by I4  = k4 (0) (NO), i n  the  second by 

Equation (1). 

I n  the f irst  

A combination of these equations f o r  constant  oxygen atom 

concentrat ion gives  
19 
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o r  when the  t o t a l  i n t e n s i t i e s  I1 and I4 a r e  replaced by equivalent photo- 

m u l t i p l i e r  cu r ren t s  il and i4 

f4k4 (NO) Ml/At  

k3 = f3kl (0) ( C O S ) i 4  

when f4  and f3  a r e  the f r ac t ions  of l i g h t  i n t e n s i t y  seen by the  photo- 

m u l t i p l i e r  in te r fe rence  f i l t e r  combination. 

From t he  slope of the  current-time p r o f i l e  f o r  0 + C O S  react ion,  one 

ob ta ins  Ail/At = 330 x 

cen t r a t ions  i n  naoleculedcc a r e  (COS) = 4.2 x (NO) = 5 x 10 , , , 
14 -15 (0) = 1.65 x 10 

cc/molecule sec. 

by Rolfes, Reeves and Hartack, but t he  discrepancy is reduced by several  

experimental f a c t o r s  which w i l l  not be discussed i n  d e t a i l .  However, i t  

i s  s i g n i f i c a n t  t h a t  Reaction (13) i s  very e f f e c t i v e  and tha t  i t  i s  about 

as rapid as Reactions (11) or- (12), so t h a t  Reaction (13) determines t o  

Figure 4 shows the  r e su l t s .  

A/sec, whereas i4 = 0.005 x loo7 A. The con- 

14 

With these data Equation (3) y i e l d s  k3 = 5.7 x 10 

This value is about e igh t  times greater than that given 

a l a r g e  

D. 

exten t  the  course of t he  0 + 3 s  and 0 +COS reactions.  

CHEMILUMINESCENT REACTION OF G E M N I U M  WITH ATOMIC OXYGEN 

The general  r e s u l t s  of t h e  study of the  chemiluminescent r eac t ion  

of germanium tetrahydride and atomic oxygen has been previously reported. 

However, the  r e s u l t s  of our previous study has been now analyzed and has 

been presented i n  the paper. The a b s t r a c t  of the work i s  as follows: 

20 
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"The spectrum of the  glow produced during the  gas phase reac t ion  

of germanium tetrahydride with atomic oxygen is s tud ie s  i n  the region 

from 2450 t o  51001. 

Almost a l l  bands on the  shor t  wavelength s ide  of t h e  spectrum belong t o  

the  D-X band system of GeO. 

observed together  with a number of un ident i f ied  bands. 

i nd ica t e s  the  p o s s i b i l i t y  of a new band system of GeO i n  the region 3000 

and 5 0 0 0 ~ . "  

About 100 bands a re  measured between 2350 and 4000g. 

Several new bands of the  D-X system a r e  

The present  study 

E. TRUE POTENTIAL ENeRGY CURVES OF A10 

The r e l a t i v e  i n t e n s i t y  of the  bands "elonging t o  the  * C . X C  2 

system of Ad0  observed during the rocket  r e l ease  of aluminum compounds 

i n  the  upper atmosphere a t  twi l igh t  has been used t o  obta in  information 

regarding upper atmospheric temperatures. 

the  above band system have been calculated a f t e r  assuming t h a t  the  A C 

and X C s t a t e s  of Ad0 follows the Morse curve. 

assumption has been tes ted  by a method given by Pekeris. 

t h a t  the  X C s t a t e  can be approximately represented by the  Morse Poten- 

t i a l ,  but  the  A C s t a t e  is expected t o  show a l a r g e  deviation. 

The Franck-Condon f a c t o r s  f o r  
2 

2 The v a l i d i t y  of the above 

It was found 
2 

2 

In view of the above finding, the  t r u e  po ten t i a l  energy curve of 
2 2 t he  A C and X C s t a t e s  were calculated by the  Rydberg-Klein-Rees method 

described by a r e .  The r e s u l t s  a re  given i n  Tables 3 and 4 and depicted 

i n  Figures 5 and 6 which show that  the  agreement between the  t r u e  poten- 

t i a l  and Morse po ten t i a l  is reasonable f o r  the  X C s t a t e  - p a r t i c u l a r l y  

f o r  v ib ra t iona l  levels v 5 6. However, the devia t ion  of the  t rue  po ten t i a l  

i s  appreciable f o r  even lower v ibra t iona l  levels. 

2 
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TABIJ3 3 

PCTENTIAL ENERGY CURVE FOR A2C STATE OF AB0 

(J = 0 btational State) 

(v + 1/21 51 r+ 

0 

0.5 

1.5 

2.5 

3.5 

4.5 

5.5 

6.5 

7.5 

8.5 

9.5 

10.5 

11.5 

0 

434. 1 

1295.3 

2149,. 6 

2996.6 

3836 0 

4668.1 

5492.1 

6309.1 

7118.2 

7921.0 

8715.3 

9505 . 3 

1.6668 

1.7325 

1,7850 

1 e 8235 

1.8563 

1.8860 

1 9135 

1.9394 

1 . 9642 
1 . 9880 
2.0111 

2.0337 

2.0552 

1.6080 

le5685 

1,5430 

1.5233 

1.5070 

1.4929 

1 . 4804 
1.4693 

1.4592 

1. 4499 

1.4413 

1 . 4337 
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TABLE 4 

POTENTIAL ENERGY CURVE FOR X% STATE OF A10 
(J - 0 Rotational State) 

r j z  + r j z  

0 

0.5 

1.5 

2.5 

3.5 

4.5 

5.5 

6.5 

7.5 

8.5 

9.5 

10.5 

11.5 

0 

487.9 

1452.1 

2401 . 4 
3336.1 

4257 . 8 
5165 1 

6058.1 

6936.6 

7801.1 

8660 o 4 

9487 03 

10310.0 

1.6176 

1.6808 

1.7309 

1 . 7688 
1 . 8014 
1 . 8311. 
1,8589 

1 . 8854 
1 . 9110 
1 . 9355 
1 . 9593 
1.9850 

2 . 0065 

1.5633 

1,5261 

1.5026 

1 . 4845 
1.4696 

1.4567 

1 . 4452 
1,4349 

1 . 4257 
1.4175 

1 , 4084 

1 . 4022 
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2 F. FRANCK-CONDON FACTORS OF A c - X2C SYSTEM OF A.40 

Since i t  has been found by previous workers t h a t  the Franck- 

Condon f a c t o r s  a r e  q u i t e  s ens i t i ve  t o  the shape of the  potentia1,and 

a l s o  i n  view of the  above r e su l t s ,  the  Franck-Condon f a c t o r s  and 

2 2 r -cent ro ids  f o r  the  A C - X C system has been ca lcu la ted  from the RKR 

potent ia l s .  

beyond the  range covered by the spectroscopic da ta  were extrapolated by 

the  following expressions : 

The repuls ive and a t t r a c t i v e  p a r t  of the  po ten t i a l s  

v = * + b  
rep  

a1 
a t t  br V 

r 

The constants  a, b, at and br were computed from the l a s t  two 

turning poin ts  of the  RKR potent ia l .  

quired f o r  the  ca l cu la t ion  of the  Franck-Condon f a c t o r s  and r-centroids  

The v ib ra t iona l  wave funct ions re- 

were obtained from the  numerical so lu t ion  of the  Schrsdinger equation: 

n 

The computer program described by Zare was used on do IBN7094 

This program essen t i a l ly  depends on the  iterative method of computer. 

Numerov and a second order  l t e r a t i o n u a r i a t i o n  procedure due t o  Gwdin. 

The wave funct ions were calculated between the l i m i t s  of 1.1 and 3.08 

using s t e p s  of 0.001l2. 
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The accuracy of the calculated RKR po ten t i a l  w a s  f i r s t  t es ted  

by ca lcu la t ing  the  G(v) and B(v) values f o r  v ib ra t iona l  l e v e l s  from 

v - 6 t o  v = 9 and comparing themwith the  observed values. 

and observed values of G(v) and B(v) a r e  given i n  Tables 5 and 6. 

been concluded from the agreement between the  computed and observed 

va lues  of G(v) and B(v) t h a t  the  calculated RKR p o t e n t i a l s  a r e  accurate  

within the  accuracy of the present ly  ava i lab le  spectroscopic data, 

al though more ref ined spectroscopic da ta  i s  desirable .  

The computed 

It has 

The i n t e g r a l s  involved i n  the  ca l cu la t ions  of Franck-Condon 

f a c t o r s  and r -cent ro ids  were evaluated by Simpson's r u l e  using s t eps  of 

O.OO& 

are compared with the  Franck-Condon f a c t o r s  ca lcu la ted  from the  Norse 

p o t e n t i a l  by Nicholls. The maximum di f fe rence  between the  Franclc- 

Codon f a c t o r s  ca lcu la ted  from the RNR p o t e n t i a l  and those ca lcu la ted  

from MDrse po ten t i a l  f o r  t he  prominent bands i s  about 17 percent. 

However, the  values of the Franck-Condon f a c t o r s  ca lcu la ted  from the  

two p o t e n t i a l s  f o r  weak bands d i f f e r s  even i n  order  of magnitude. 

The calculated Franck-Condon f a c t o r s  are given i n  Table 7 and 

The ca lcu la ted  values  of  r -centroids  are given i n  Table 8 which 

a l s o  conta ins  the  r -cent ro ids  ca lcu la ted  from brae potent ia l .  

The relative i n t e n s i t i e s  of  emission of bands scaled to  10 in 

u n i t s  of erg/sec and quantum/sec a r e  given i n  Table 9. 

t i o n  of  the r e l a t i v e  in t ens i ty ,  the v a r i a t i o n  of e l ec t ron ic  t r a n s i t i o n  

moment with the in t e rnuc lea r  separation is not  taken i n t o  account. 

In the calcula- 
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G. RELATIVE VIBRATIONAL TRANSITION PROBABILITY OF A2C - X2C 
RAND SYSTEM OF A 1 0  

The r e l a t i v e  v ibra t iona l  t r a n s i t i o n  p r o b a b i l i t i e s  of the  A Z: - 2 

2 X C band system of A 1 0  can be obtained from the measurement of the 

r e l a t i v e  i n t e n s i t y  of the bands and the  ca lcu la ted  Franck-Condon f a c t o r s  

and r-centroids.  The inconsis tencies  i n  the  i n t e n s i t y  measurements of 

previous workers have been discussed i n  the  preceeding quar te r ly  report .  

The blue-green system of A 1 0  is exci ted by focusing the  r ad ia t ion  from 

a pulse  ruby laser on a pure aluminum rod (maximum impurity 50 p a r t s  

pe r  mill ion).  The experimental arrangement is shown i n  Figure 7. The 

i n t e n s i t i e s  of the  bands have been determined by the  method of photo- 

graphic photometry employing a standard lamp (GE quartz-iodine-tungsten 

f i lament  lamp, m d e l  6.6 A/T40/1CL=200W) and a stepped wedge f i l t e r .  

The i d e n s i t y  p r o f i l e  of Av E - 1 sequence obtained in t h i s  way is 

shown i n  Figure 8 which shows that  t he  background r ad ia t ion  is absent. 

It is apparent from Figure 8 tha t  the  overlapping of the  successive 

bands i s  qui te  large. In order  t o  accurately determine the  amount of 

overlapping the  theo re t i ca l  band p r o f i l e s  a r e  being computed. 

t h e o r e t i c a l  band p r o f i l e s  w i l l  be applied t o  obta in  r e l a t i v e  i n t e n s i t i e s  

The 

of the  bands and hence the  r e l a t i v e  v ib ra t iona l  t r a n s i t i o n  probabi l i t i es .  

He THE mRPHOLOGY OF INTERMEDIATE OPTICALLY THICK CHEMICAL 
RELEASE CLOUDS - J. Pressman and €I. K. Brown 

In t h i s  study the  image of a chemical r e l ease  cloud under u d f o n u  

i l lumina t ion  is ca lcu la ted  f o r  intermediate opac i t i e s  from 1 t o  10 f o r  

varying angles  of  seeing, where there is a d e f i n i t e  volume e f f e c t  in 

sca t te r ing .  The approach is a c i r e c t  one i n  which the  bas ic  rad ioac t ive  
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t r ans fe r  problem i s  reduced t o  a geometrical one of the in te rsec t ion  of 

th ree  spheres. A simple graphical technique is described for obtaining 

the image, extensive tab les  are presented f o r  various cases, and 

sample impages are drawn. 

experiment . 
A comparison is made with a rocket re lease 

I. THE DISPERSION OF PARTICULATE MATTER IN THE UPPER ATMOSPHERE 
FOR DIFFERENT INITIAL VELOCITY DISTRIBUTION AM) DRAG LAVS - 
J. Pressman and H. K. Brown 

Tbe putpose of this study i s  t o  compute the rate of growth of 

A partbulats patter i o  the upper atmosphere f o r  a variety of cases. 

canilrter I s  a8Mmed to  be at ree t  o r  moving, the i n i t i a l  veloci ty  d is -  

t r i bu t ion  i s  assumed a centr i fugal ly  determined on o r  a Maxwellian one 

from a presumed explosive burst. 

zero, proportional t o  velocity, and proportional t o  the veloci ty  

squared. 

The drag forces are  assumed t o  be 

Analytical expressions a re  determined f o r  a l l  these cases. 
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APPENDIX A 

The Chemiluminescent Reactions of Atomic 

Oxygen with COS and H S 2 

A. Sharma, J. P. Padur, and P. Warneck 
GCA Corporation, Bedford, Massachusetts 01730 

ABS TRACT 

The chemiluminescence intensity in the reactions 0 + COS and 0 + H2S 

was studied in a flow system as a function of reaction time and re- 

actantlconcentrations. In the initial stage of the reactions, the 

intensity increases linearly with time, the slope being proportional 

to the concentration of COS or H S and to the square of atomic oxygen 

concentration. A kinetic analysis shows that these results are con- 

T 

2 

sistent with the notion that the reaction responsible for the emission 

in both cases is 

(3 1 0 + SO + SO2 + hv . 
From the relative intensities, it is concluded that the rate of SO 

formation in the H S reaction is 1.85 times greater than that in the 

COS reaction. The rate constant for reaction (3) was determined as 

k3 - 5.7 x 1015 cc/molecule sec from comparison measurements using the 

air afterglow reaction as a standard. 

. 2 

0 .  

The consumption of SO radicals 

by reaction (3) in the later stages of the reaction' is discussed, and 

it is concluded that another SO loss reaction must be operative in ad- 

dition to reaction (3). 37 
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INTRODUCTION 

Mass spectrometric inves t iga t ions  by L i u t i ,  Dondes and Harteck") and 

in t h i s  laboratory(*) have shown t h a t  the f i r s t  s t e p  i n  the r eac t ion  of 

oxygen atoms with carbonyl su l f ide  is the  formation of SO r a d i c a l s  

(1) 0 + cos -P co -4- so , 

The r a t e  constant  f o r  t h i s  process has been determined. (*) The r e a c t i o n  

of oxygen atoms with hydrogen s u l f i d e  has also been found") t o  y i e ld  SO 

r a d i c a l s  v i a  

(2) 0 + H2S + H2 + SO, 

although there  is probably a second opera t ive  r eac t ion  path leading t o  OH 

and SH r a d i c a l s  as add i t iona l  products. 

The chemiluminescence associated wi th  these r eac t ions  has a l s o  been 

inves t iga ted .  (3-7) 

s p e c t r a  from the  r eac t ions  of oxygen atoms with carbonyl s u l f i d e ,  hydrogen 

s u l f i d e  and carbon d i s u l f i d e ,  and the  SO2 af terglow spectrum are near ly  

i d e n t i c a l ,  f ea tu r ing  similar i n t e n s i t y  d i s t r i b u t i o n s .  These observations 

A comparative study(3) has shown t h a t  the emission 

suggest t h a t  the emitter and the  process leading t o  the  formation of the 

emitter are the  same in a l l  four  cases of chemiluminescence, Evidence is 

mounting t h a t  the r eac t ion  responsible  f o r  t he  emissions is  

(3 1 0 f SO + SO2 + hv , .. 
as was o r i g i n a l l y  suggested by Gaydon. (4) HemaM, e t  a l .  , ( 5 )  observed t h a t  
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the  sho r t  wavelength cu t  -off of the SO2 af terglow,  near 2400 

with the onset of the d i s soc ia t ion  continuum i n  the SO2 absorpt ion spec- 

trum. af terglow i n t e n s i t y  i s  

d i r e c t l y  proport ional  t o  the  product of oxygen atom and SO r a d i c a l  con- 

coincides  

Halstead and Thrush(6) found t h a t  the SO 2 

cen t r a t ions .  More r ecen t ly ,  Rolfes, Reeves and H a r t e ~ k ' ~ )  s tud ied  the 

l i g h t  emission from the r eac t ion  of 0-atoms with COS a t  low t o t a l  p re s -  

sures, and compared i t  w i t h  t he  0 + NO2 r e a c t i o n  r e s u l t i n g  i n  the a i r -  

af terglow emission involving r ad ia t ive  combination of atomic oxygen with 

n i t r i c  oxide. Their  r e s u l t s  i nd ica t e  t h a t  the  two r eac t ions  are analogous I 

and t h a t  r eac t ion  (3) proceeds v i a  a simple two-body combination mechanism. 

The present  work set out  t o  der ive add i t iona l  evidence f o r  the  oc- 

currence of r eac t ion  (3) by studying the  time dependence of the chemi- 

luminescent i n t e n s i t y  i n  the  reac t ions  of atomic oxygen w i t h  COS and H2S 

f o r  var ious i n i t i a l  r e a c t a n t  concentrations.  Frop such experiments, t he  

rate c o e f f i c i e n t s  assoc ia ted  with r eac t ions  (2) and (3) could be d e t e r -  

mined. I n  addi t ion ,  i n t e n s i t y  p ro f i l e s  were obtained f o r  the  l a t e r  

s t age  of the  r e a c t i o n  of oxygen atoms with COS t o  explore  the p o s s i b i l i t y  

of o the r  SO loss r eac t ions  besides r e a c t i o n  (3). 
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EXPERIMENTAL 

The conventional f a s t  flow system employed a cy l ind r i ca l  r eac to r  of 

1 . 9  crn i n t e rna l  diameter. Atomic oxygen was produced by microwave d i s -  

charge. E i ther  a 99:l argon-oxygen mixture o r  pure oxygen was discharged. 

The second r eac t an t  entered the  reac tor  v i a  an i n l e t  provided with several 

r a d i a l l y  or ien ted  holes. The i n l e t  could be moved along the  r eac to r  axis 

by means of a f r i c t i o n  drive.  Observations were made downstream of the  

mixing point using a 1P28 photomultiplier tubaconnected  t o  a Victoreen 

b 

microameter. The chemiluminescent emission was viewed throuG q u a r t z  

window mounted on t h e  s i d e  of the reactor .  

interposed so t h a t  a spatial  r e so lu t ion  of about 0.7 m was obtained. 

corresponding time re so lu t ion  was 0.7 mill iseconds f o r  l i n e a r  flow rates 

around 10 m/sec. 

A col l imat ing s l i t  system w a s  

The 

T 

Capi l l a ry  flowmeters were used t o  measure volume flow rates of t he  

ind iv idua l  gaseous components: argon, oxygen, carbonyl su l f ide ,  and 

hydrogen su l f ide .  

point  were determined from the  f r ac t ion  of the  t o t a l  flow rate and t h e  

preva i l ing  t o t a l  pressure measured with a McLeod gauge. 

su re  w a s  held a t  800 microns unless  s t a t e d  otherwise. 

The concentrations of these  cons t i t uen t s  a t  t h e  mixing 

The t o t a l  p re s -  

Atomic oxygen con- 

cen t r a t ions  were determined by gas t i t r a t i o n ,  using the  procedure described 

by Harteck, e t  a1,g8) This  is a two=etep method.. Oxygen atoms are f i r s t  

t i t r a t e d  wi th  NO2 t o  determine the maximum in tens i ty  corresponding t o  t he  

40 
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titration half-point. 

flow corresponding to the same intensity value. 

method is not as  good as the direct t i trat inn with NO2, but the complica- 

tions due to the 2 N02+N204 equilibrium i n  measuring NO2 flow rates are 

avoided 

The NO2 i s  then replaced by NO to determine the NO 

The accuracy of this 
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RESULTS AND DISCUSSION 

Dependence of In t ens i ty  on Time and Concentration 

To inves t iga t e  the  time dependence of t he  chemllurninescence in t ens i ty ,  

t he  photomultiplier cur ren ts  were recorded as a funct ion of the  r eac t an t  

i n l e t  pos i t ion ,  and the r eac t ion  t i m e  was ca lcu la ted  from the  d is tance  

between i n l e t  pos i t ion  and observation point ,  and the  preva i l ing  l i n e a r  

flow rate of the gas mixture i n  the reactor .  Corrections concerning the  

o r i g i n  of the  time s c a l e  were required due t o  the  i n s u f f i c i e n t  s p e c t r a l  

r e s o l u t i o n  and, i n  p a r t ,  due to back d i f fus ion  of the  admixed r eac t an t ,  

The in t roduct ion  of both COS and H S gave emission i n t e n s i t i e s  which i n -  

creased with t i m e  and which extrapolated t o  zero a t  the  o r i g i n ,  The ob- 

served increase of i n t e n s i t y  w i t h  t i m e  was l i n e a r  so long as  the  r eac t ion  

t i m e s  were reasonably sho r t ,  and the  employed conc?entrations were moderate. 

F igure  1 demonstrates this observation f o r  the r e a c t i o n  of oxygen atoms 

wi th  COS i n  a p l o t  of i n t e n s i t i e s  versus  time f o r  th ree  i n i t i a l  COS concen- 

t r a t i o n s .  

t i m e  dependence a t  r eac t ion  t i m e s  g r e a t e r  than 8 mill iseconds.  

2 

Only the  highest  COS concentration produces a non-linear i n t e n s i t y -  

The l i n e a r i t y  of i n t e n s i t y  with time i n  t h e  v i c i n i t y  of the  mixing 

poin t  permits the  use of t he  i n i t i a l  s lope  of t h e  in tens i ty- t ime p r o f i l e  

as a measure of t h e  r e a c t i o n  rate. The v a r i a t i o n  of t h e  i n i t i a l  s lope 

wi th  oxygen atom.concentration for  t he  r eac t ions  wi th  e i t h e r  COS or  H2S 

is shown i n  Figure 2 using a logarithmic p l o t  presenta t ion .  The concen- 
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t r a t i o n s  of COS and HZS, respect ively,  were held constant  i n  these experi-  

ments. The i n t e n s i t i e s  fo r  the  H S reac t ion ,  ac tua l ly ,  were by about a 

f ac to r  of two b r igh te r  than those shown i n  Figure 2 ,  but  these da ta  points  

were adjusted t o  f a l l  onto the  same l i n e  a s  the  COS data ,  so t h a t  the 

2 

equivalence of the  dependence on oxygen atom concentrat ion i n  both cases  

is  more c l e a r l y  demonstrated. 

is S - 2.08, ind ica t ing  t h a t  t he  chemiluminescence i n t e n s i t y  is proport ional  

t o  the  square of the oxygen atom concentration. 

The s lope  of the  s t r a i g h t  l i n e  i n  Figure 2 

Figure 3 shows, i n  a s i m i l a r  fashion,  t h e  v a r i a t i o n  of t he  i n i t i a l  

s lope  of the i n t e n s i t y  t i m e  p ro f i l e  with COS concentrat ion and H S concen- 

t r a t i o n ,  respec t ive ly .  Data from several runs performed on d i f f e r e n t  days 

2 

were used i n  t h i s  p lo t  and corrected f o r  t he  observed oxygen atom concen- 

t r a t i o n  making use of t he  (0) law. Here again,  t h e  da t a  ind ica t e  a 

b r i g h t e r  chemiluminescence f o r  the H S r e a c t i o n  when compared wi th  t h e  2 

emission from the  r eac t ion  with COS. However, both p lo te  y i e ld  s t r a i g h t  

2 

9 

l i n e s  with near ly  i d e n t i c a l  slopes. The averaged va lue  f o r  the  two s lopes,  

S = 1.1, indica tes  a f i r s t  order  concentration dependence f o r  carbonyl 

s u l f i d e  and hydrogen su l f ide .  

I n  addi t ion  t o  these  experiments i n  which the  t o t a l  pressure w a s  800 

microns, a set of experiments w a s  c a r r i e d  out  f o r  t h e  0 + C O S  r e a c t i o n  a t  

a t o t a l  pressure of only 330 microns. 

lower pressure,  'khe i n t e n s i t y  dependence on' r e a c t i o n  t i m e  and i n i t i a l  

reactant concentrat ions was t h e  same as t h a t  a t  800 microns, bu t  t h e  

It was es t ab l i shed  t h a t ,  a t  t h e  
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overa l l  i n t e n s i t y  was found t o  be smaller ,  

t o  ind ica te  a pressure dependence of r eac t ion  ( 3 ) ,  it has  not been pos- 

s i b l e  t o  v e r i f y  t h i s  point  i n  a p o s i t i v e  manner, because the  flow rate 

could not be adequately control led i n  the  present apparatus.  

Although t h i s  r e s u l t  appears 

I f  co r rec t ,  

t h i s  r e s u l t  would cont rad ic t  t he  observation by Rolfes ,  Reeves and Har- 

teck") a t  lower pressures  t h a t  reac t ion  (3) does not r equ i r e  a t h i r d  

body. Halstead and Thrush") d id  not provide independent information on 

t h i s  point.  In  view of our own experimental uncer ta in ty  and because the  

d a t a  by Rolfes e t  a d 7 )  favor a two-body process f o r  r e a c t i o n  (3 ) ,  t h e i r  

pos i t i on  is  adopted here. I n  any case, moseof  the  conclusions reached 

i n  t h i s  discussion w i l l  not be a l t e r ed  should it be shown i n  the  f u t u r e  
. "  

t h a t  r eac t ion  (3) is pressure dependent. However, it is  apparent t h a t  

t h i s  point  r equ i r e s  f u r t h e r  examination, 

The r e s u l t s  summarized i n  Figures 1-3 can be in t e rp re t ed  i n  terms 

of reac t ions  (1) through (3) ,  i f  it is taken i n t o  account  t h a t  f o r  s u f -  

f i c i e n t l y  sho r t  r eac t ion  times the consumption of t he  i n i t i a l  r eac t an t s  

is s t i l l  negl ig ib le ,  With t h i s  condition, t he  SO concentrat ion is a 

l inear funct ion of reaction t i m e ,  a t  least i n  the  i n i t i a l  s tage  of t he  

r e a c t i o n  where t h e  des t ruc t ion  of SO r a d i c a l s  by r e a c t i o n  (3) o r  o ther  

follow-up reac t ions  is not  ye t  s ign i f i can t .  For t h e  r eac t ion  of atomic 

oxygen wi th  carbonyl s u l f i d e ,  t h e  i n i t i a l  rate of SO r a d i c a l  production 

A(S0) 
At 

* *  
and the  increase  of i n t e n s i t y  AI produced by r e a c t i o n  (3) i n  the  t i m e  

i n t e r v a l  At i s  correspondingly, 
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A[ SO] 
A t  - = k3 LO1 - = k3 kl [012 [COS].  

The right-hand s i d e  of t h i s  equation represents  the i n i t i a l  s lope of the  

in tens i ty- t ime p ro f i l e .  

r e a c t i o n  of oxygen atoms wi th  hydrogen su l f ide :  

A s imi la r  expression is derived a l s o  fo r  the  

Equations (A) and (B) predict  a l i n e a r  r e l a t ionsh ip  with i n i t i a l  COS 

or  H2S concentration, and a quadratic one f o r  t h e  atomic oxygen concentra- 

t ion.  

experiment 8 .  

This i s  i n  agreement with the r e l a t ionsh ip  found i n  the  present  

Al te rna t ive ly ,  the  present r e s u l t s  can be used t o  demonstrate t h a t  

the  chemiluminescence i n t e n s i t y  i s  proport ional  t o  the product of t he  

concentrat ions of atomic oxygen and SO r a d i c a l s ,  as required i f  r eac t ion  

(3) i s  t h e  predominant l i g h t  emit t ing process. These r e s u l t s ,  therefore ,  

are i n  good agreement with the data reported by Halstead and Thrush, (6) and 

by Rolfes e t  a l .  (7) 

da ta  r e f e r s  t o  the  very e a r l y  stage i n  the  reac t ions ,  because a v a r i e t y  of 

mechanisms can be suggested which lead t o  t h e  observed concentrat ion depend- 

ence,  but  f ea tu re  d i f f e r e n t  chemiluminescent reac t ions .  However, such 

mechanisms would requi re  the  build-up of an intermediate concentrat ion 

(such as SO), so t h a t  i n i t i a l l y ,  the chemiluminescence i n t e n s i t y  could 

not be a l i n e a r  func t ion  of t i m e .  

and l i n e a r i t y  wi th  time taken together c o n s t i t u t e  s t rong  evidence i n  favor 

of assigning r eac t ion  (3) as the  pr inc ipa l  chemiluminescent reaction, 

* 

It i s  a l s o  s ign i f i can t  t h a t  the  ana lys i s  of t h e  present  

The observed concentrat ion dependences 
' 
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Determination of t h e  Rate Constants k2 and k3 

With the i d e n t i f i c a t i o n  of reac t ion  (3) as the  pr inc ipa l  l i g h t  e m i t -  

t i n g  process occurring i n  both t h e  0 + COS and the  0 + H2S reac t ions ,  it 

becomes possible  t o  determine the involved rate constants  by appropriate  

comparison experiments. 

It has a l ready been noted t h a t  the  r eac t ion  of atomic oxygen with 

H S produces a b r igh te r  chemiluminescence than the  r eac t ion  with COS under 

similar conditions.  This f a c t  can now be explained by the  d i f fe rence  of 

t h e  associated rate constants.  As equations (A) and (B) show, the  r a t i o  

of t he  i n i t i a l  s lopes obtained for  the  intensi ty- t ime p r o f i l e s  i n  the  two 

r eac t ions  is given by 

2 

where [O], and 

v a i l i n g  i n  the 

(C), t he  r a t i o  

k2 [H2Sl 101, 2 
AI2 /At - 

(') AI1 /At - i;; [cosl [o]l 2 '  

[ O l ,  r e f e r  t o  the  i n i t i a l  oxygen atom concentrat ions pre-  

COS and H2S experiment, respect ivFly.  According t o  equation 

of the  rate constants ,  k2/kl, can be obtained d i r e c t l y  from 

Figure 2, where the  da t a  are corrected f o r  t he  varying i n i t i a l  oxygen atom 

concentrations.  Since the  logarithmic p l o t  i n  Figure 2 y ie lds  p a r a l l e l  

l i n e s ,  k2/kl is represented simply by the  r a t i o  of the  &/At values f o r  

i d e n t i c a l  COS and H2S concentrations.  

obtained from these  da t a  is k2/kl = 1.85, 

The averaged r a t i o  of rate constants  

I n  the  region where the  dependence of i n t e n s i t y  on r e a c t i o n  t i m e  i s  

s t i l l  linear, t he  right-hand s ide  of equat ion (C) a l s o  represents  t he  

r a t i o s  of i n t e n s i t i e s  a t  any time t. 
* =  

An experiment was performed i n  which 

t h e  chemiluminescence i n t e n s i t y  i n  the  v i c i n i t y  of t he  mixing poin t  was 
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recorded as  a funct ion of the COS and H2S flow r a t e s .  

i n  Figure 4 a re  appropr ia te ly  corrected for  the  d i f fe rence  of oxygen atom 

concentrat ion i n  the two cases .  Since for small r eac t an t  flows the  

The r e s u l t s  shown . 

r eac t an t  concentrat ions a re  proportional t o  the  measured flow r a t e s ,  the  

observed l i n e a r  increase of i n t e n s i t i e s  f o r  moderate flow r a t e s  again 

v e r i f i e s  the  f i r s t  order  concentration dependence discussed above. The 

r a t i o  of the s lopes i n  Figure 4 is , 

m2 / d H 2 S  1 k2 

AI1 /A[COS 1 a- - 1.85, 
kl 

i n  exce l l en t  agreement wi th  the  average value found above. 

previously determined value f o r  the rate constant  of t he  0 + C O S  reac t ion ,  

Applying the 

-14 2 kl - 0.91 x 10 

1.70 x 

cc/molecule, sec , one obta ins  the  absolute  value k2 - 
It must be emphasized t h a t  t h i s  r a t e  con- cc/molecule sec. 

s t a n t  r e f e r s  only t o  t h a t  port ion of the 0 + H2S r e a c t i o n  which leads  t o  

the  formation of the  SO r a d i c a l s .  

the  formation of o the r  products 80 t h a t  it is  f a s t e r .  However, t he  present  

r e s u l t s  i nd ica t e  t h a t  these  other  products do not  p a r t i c i p a t e  i n  the  chemi- 

The o v e t a l l  r e a c t i o n  probably includes 

luminescence mechanism. 

The r a t e  constant  associated wi th  the  r e a c t i o n  

(3 ) 0 + SO 3 SO2 + hv 

was determined by comparing the  l i g h t  emission from the  0 + COS r eac t ion  

with t h a t  produced i n  the  air-af terglow reac t ion  

(4) 
.* 

0 + NO 4 NO2 + hv. 
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Figure 4.. Intensity vs flow rate of COS (0) and 
3 s  (0) at constant 0-atom concentration. 
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Thc relative spectral intensity distribution for reaction (3) was previously 

detcrmined in this laboratory. (3) 

ultraviolet portion of the spectrum. Fontijn, Meyer, and Schiff") have de- 

termined the spectral intensity distribution for reaction (4 )  and have shown 

The emission lies mainly in the violet and 

that it is centered in the red and near infrared. Both emissions overlap in 

the 3800 to 52002 wavelength region. An interference filter was, therefore, 

employed in the comparison experiment to limit the radiation seen by the 

photomultiplier to the region of overlap. The filter featured a transmission 

maximum near 4100g and a bandwidth of 752. The fraction of radiation registered 

by the photomultiplier-filter combination com2ared to the total integrated emis- 

sion from each reaction was determined from the known spectral response of the 

phototube, the transmission characteristics of the fi.lter and the relative spec- 

tral intensity distributions for both reactions. The evaluation of the compari- 

son experiment requires only the ratio of the two fractions, which was found to 

be fG/f3 = 0.029, where the subscripts refer to reactions (4) and (3) ,  respectively. 
T 

The introduction of nitric oxide to the gas flow containing oxygen atoms 

results in an emission intensity which is time-independent, whereas it has been 

shown above that the introduction of carbonyl sulfide produces an intensity which 

increases linearly with time. In the first case, the intensity i8 given by 

and in the second case by equation (A). 

atom concentration remains constant, the combination of both equations yields' 

With the provision that the oxygen 

k, [NO] AI,/At - 
4 -  - 1 

=I 

'3 kl [O] [COS] I4 ' 
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n 

or  when the t o t a l  i n t e n s i t i e s  I1 and I4 ere replaced by the  equivalent 

photomultiplier cur ren ts  il and i4, 

f4k4 [NOj &,,/At 

(D) k3 f3kl [OJ [COSJ i4 

The following individual  rate constants were employed i n  the evaluat ion of 

equat ion (D): kl = 0.91 x 

Warneck;") and k4 - 6.4 x 

Meyer, and Schiff .  

cc/molecule sec, given by Sul l ivan  and 

cc/molecule sec, determined by Font i jn ,  

(9) 

Figure 5 shows the  r e s u l t s  of the  comparison experiments. The photo- 

m u l t i p l i e r  cur ren ts  r eg i s t e red  upon admixture of e i t h e r  NO o r  COS t o  a 

discharged argon-oxygen mixture are  p lo t ted  as a funct ion of r eac t ion  time. 

From the  slope of t he  current-t ime p r o f i l e  f o r  t h e  0-COS reac t ion ,  one ob- 

t a i n s  &il/At - 330 x A/sec, whereas i4 - 0.085 x lO-'A. The prevalent 

concentrat ions of n i t r i c  oxide, carbonyl s u l f i d e ,  and atomic oxygen are 

given i n  the legend. With these  data,  equat ion (D) y i e lds  the  rate con- 

s t a n t  assoc ia ted  wi th  reac t ion  (3): 

This va lue  is about e i g h t  times grea te r  than the rate con8tant estimate 

- 5.7 x 1v-15 cc/molecule sec. k3 

given previously by Rolfes, Reeves, and Harteck, (7) but  t he  discrepancy 

is  reduced by the following circumstances. F i r s t ,  these  authors  used f o r  

k4 t h e  earlier value (lo) k4 = 3 x 

t he  many experimental q u a n t i t i e s  t h a t  e n t e r  i n t o  Equation (D), t he  present 

cc/molecule sec. Also, owing t o  

method of determining k3, although s t ra ightforward,  is  a f f ec t ed  by a l a rge  

experimental e r ro r .  The derived value can be i n  e r r o r  by as much as a 

f a c t o r  of two i n  view of the  uncer ta in t ies  w i th in  which kl and k are 4 
.* 

known. I n  addi t ion ,  it must be considered t h a t  Rolfes e t  a l ,  (')worked 

at  t o t a l  pressures  around 10 rni'crons, whereas i n  the  present  experiments, 
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Figure 5. Intensity-time profile.for 0 + COS (0) and 
0 + N O  (A). Concentra ions in molecules/cc 

14 and [010 = 1.65 x 10 . 
are [COSIO = 4.2 x 10 12 . ; [Nolo = 5 x 1014; 
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the pressure was 800 microns. 

s u f f i c i e n t  agreement t o  suggest t h a t  reac t ion  (3) i s  pressure independent. 

The rate constant value i s  found t o  be about 100 times grea te r  than t h a t  

of r eac t ion  ( 4 ) ,  despi te  the indicat ion t h a t  both reac t ions  a re  of t he  

same type .  Most s i g n i f i c a n t  i s  the r e s u l t  t h a t  r eac t ion  (3) i s  almost 

as r a p i d  as the precursor r eac t ion  (1). As a consequence, r eac t ion  (3) 

i s  e f f e c t i v e  i n  determining the course of t he  0 +COS and 0 + H2S reac- .  

t i o n s  i n  t h e i r  l a t e r  stages.  

The two values for  k3, therefore ,  are  i n  

SO Radical Consumption 

While i n  the  i n i t i a l  s tage  of t h e  r eac t ions  under discussion the  

chemiluminescence i n t e n s i t y  i s  character ized predominantly by the  produc- 

t i o n  of SO r a d i c a l s ,  it is evident  from the  r a t i o  of the  rate constants  

k3/kl .I 0.63 t h a t ,  i n  the  l a t e r  s tages  of t he  reac t ions ,  t h e  consumption 

of SO r a d i c a l s  by r eac t ion  (3) cannot be ignored. The importance of SO 

rad ica l  losses  due t o  secondary reac t ions  was recognized previously,  but  

r e a c t i o n  (3) had not been considered f a s t  enough t o  provide a s i g n i f i c a n t  
* 

S O  r e a c t i o n  channel. Instead,  the r e a c t i o n  

(5 1 so + so + so2 + s 

had been suggested both by Sul l ivan and Warneck(2) t o  explain t h e i r  mass 

spectrometer r e s u l t s ,  and by Rolfes e t  a d 7 )  t o  account f o r  the deposi t ion 

of s u l f u r  i n  t h e i r  r eac t ion  vessel, From the  k value found i n  the  present  

work, it appears, however, t h a t  the mass spectrometer r e s u l t s  could be 
3 

equal ly  w e l l  be explained by reac t ion  (3) i n  place of r eac t ion  (5). 

of course,  t he  6Gesent experiments could not provide d2ra i led  information 

on t h e  individual  reac t ions  preva i l ing  i n  the  later s tages  of t he  0 + C O S  

While, 
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and 0 + H S reac t ions ,  i t  was nevertheless ,  of i n t e r e s t  t o  i nves t iga t e  

the  p o s s i b i l i t y  t h a t  r eac t ion  (3) c o n s t i t u t e s  the major SO lo s s  reac t ion .  

For t h i s  purpose, the i n t e n s i t y  p r o f i l e s  observed i n  the  r eac t ion  of 

atomic oxygen with COS were compared with p r o f i l e s  ca lcu la ted  on the  

assumption t h a t  the predominant mechanism cons i s t s  only of r eac t ions  (1) 

and (3). The results of t h i s  experiment are shown i n  Figure 6. Calcu- 

2 

l a t e d  i n t e n s i t i e s  are p lo t t ed  i n  t he  form 

r e a c t i o n  parameter 7 

r a t i o s  

pure oxygen ins tead  of t he  argon-oxygen mixtures, so t h a t  a higher i n i t i a l  

[SO][O]/[O] ' versus the  
0 

kl[OIot f o r  several i n i t i a l  r eac t an t  concentrat ion 

The experimental da ta  points  were obtained w i t h  0 [COSl / [Olo .  
YO 

oxygen atom concentrat ion could b e  r ea l i zed .  

appl ied  t o  the  experimental i n t e n s i t y  da t a  t o  f a c i l i t a t e  the  comparison. 

A common sca l ing  f a c t o r  w a s  

Figure 6 c l e a r l y  ind ica t e s  t h a t  except i n  the  i n i t i a l  s t age  of t h e  

r eac t ion ,  t he  agreement between ca lcu la ted  and experimental i n t e n s i t y  

p r o f i l e s  is very poor. 

the ca lcu la ted  ones, bu t  t he  m a x i m a  a l s o  occur sooner. I n  addi t ion ,  i t  

Not only are the  observed in t ens i t i e s  lower than 
T 

appears t h a t  the observed maximum i n t e n s i t i e s  do not  follow the  ca l cu la t ed  

t rend indicated by the dashed l i n e  i n  Figure 6, bu t  are lower f o r  y > 2. 

These results lead t o  t h e  conclusions that, desp i t e  i t s  comparatively f a s t  

rate, r eac t ion  (3) a lone is i n s u f f i c i e n t  t o  expla in  the  observed i n t e n s i t y  

p r o f i l e s  and t h a t  an  add i t iona l  r eac t ion  involving the  consumption of SO 

r a d i c a l s  must be included i n  t h e  o v e r a l l  mechanism. The reac t ion  pos- 

s i b i l i t i e s  requi r ing  considerat ion were discussed previously,  (21 'I, and 

arguments were .given which favor  r e a c t i o n  (5). 
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CONCLUSIONS 

The behavior of chemiluminescence i n t e n s i t y  wi th  r eac t ion  t i m e  and 

r eac t an t  concentrations i n  the  i n i t i a l  s tage  of the  reac t ions  (1) 0 + COS 

and (2) 0 + H S has been found t o  support t he  suggestion t h a t  the  reac-  

t i o n  responsible  fo r  the  chemiluminescence is  the  r ad ia t ive  combination 

2 

of atomic oxygen with SO r ad ica l s :  r eac t ion  (3). Comparative i n t e n s i t y  

meas,urements enabled the  determination of t he  rate constants  associated 

wi th  reac t ions  (2) and (3). The combination r eac t ion  (3) was found t o  be 

almost as f a s t  as r eac t ions  (1) and (2), so t h a t  it causes an  appreciable  

consumption of SO r a d i c a l s  i n  the later s tages  of the  reac t ions .  

t he l e s s ,  an add i t iona l  SO loss r eac t ion  is requi red  t o  expla in  the  i n t e n s i t y  

I. 

Never- 
. c  

profiles obeerved in the later reaction etagee. 
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APPENDIX B 

A Spectroscopic Study of the Chcmi limincscent 

Reaction of Germanium Tetrahydride with Atomic Oxygen* 

by 

A. Sharma and J. P. Padur 

GCA Corporation, Bedford, Massachusetts 01730 

ABSTRACT 

The spectrum of the glow produced during the gas phase reaction 

of germanium tetrahydride with atomic oxygen is studied in the region 

from 2450 to 5100 8. About one hundred bands are measured between 

2350 and 4000 8. 
spectrum belong to the D-X band system of GeO. Several new bands of 

the D-X system are observed together with a number of unidentified 

bands. 

eyetem of GeO in the region 3000 and 5000 8. 

Almost all bands on the short wavelength side of the 

The present study indicates the possibility of a new band 
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1. Introduct ion 

The spectroscopic s t u d i e s  of the chemiluminous r eac t ions  of atomic 

oxygen wi th  severa l  substances have been previously undertaken by several 

workers and summarized by Gaydon (1957). Recently, Kaufman (1961) has 

reviewed the k i n e t i c s  of the atomic oxygen r eac t ions  with various compounds. 

However, no information regarding the chemiluminescent r eac t ion  of atomic 

oxygen with germanium compounds i s  ava i lab le .  We have found t h a t  the  

r e a c t i o n  of germanium tetrahydride with atomic oxygen is  accompanied by 

a s t r o n g  b lue  chemiluminescence. On the  o ther  hand, w e  d id  not observe 

any v i s i b l e  chemiluminescence during the  r e a c t i o n  of atomic oxygen with 

germanium t e t r ach lo r ide .  

The examination of the  spec t ra  of the  chemiluminescence produced 

during t h e  r eac t ion  of germanium tetrahydride and atomic oxygen reveals a 

l a r g e  number of bands i n  the  region from 24501 t o  51008. 

on the  s h o r t  wavelength s i d e  of the spectrum belong t o  t h e  D-X system of 

GeO. 

previous inves t iga to r s ,  w e  have observed a number of  new bands belonging 

t o  t h e  above eyetem. 

which presumably ind ica t e  

molecule on t h e  Longer wavelength s i d e  of t he  D-X system of GeO.  

t h i e  paper, w e  s h a l l  present the r e s u l t s  of t h e  spectroscopic s tudy of 

t h e  chemiluminescent r e a c t i o n  of germanium t e t r ahydr ide  and atomic oxygenr 

Most of t he  bands 

I n  add i t ion  t o  the  bands of the  D-X system of GeO observed by 

A number of un iden t i f i ed  bands are a l s o  observed, 

the  presence of a new band system of t he  GeO 

I n  

2. Experimental-procedure 

A conventional f a s t  flow system was used f o r  the present  study, 

which c o n s i s t s  of a2cm i .ds  Pyrex tube equipped wi th  quartz  windowe and 
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i n l e t s  f o r  introducing atomic oxygen and o ther  r eac t an t s .  The atomic 

oxygen was produced by a microwave discharge through about 1OO:l mix- 

t u r e  of argon and oxygen. 

about one percent of atomic oxygen i n  the presence of very l i t t l e  molecular 

oxygen. The flow tube dimensions and the pumping speedwere such t h a t  the  

l i n e a r  flow ve loc i ty  of gases were of the order of 1000 cm/sec. 

dep le t ion  of atomic oxygen due t o  recombination between the discharge and 

the  r eac t ion  tube was only a few percent of the i n i t i a l  atomic oxygen con- 

The d i s soc ia t ion  of molecular oxygen provides 

The 

c e n t r a t i o n  produced by the  microwave discharge.  

o r  germanium t e t r a c h l o r i d e  (from A l f a  Inorganics,,specif i ed  minimum p u r i t y  

of 99 percent) w a s  introduced i n t o  the r e a c t i o n  tube through a flow meter 

and a needle valve. 

germanium te t rahydr ide  and atomic oxygen. However, no v i s i b l e  chemi- 

luminescence was observed when germanium t e t r a c h l o r i d e  wae introduced i n  

the  r e a c t i o n  tube together  with the atomic oxygen. 

The germanium te t rahydr ide  

A b lue  glow was observed during the  r e a c t i o n  of 

The spectrum of the  chemiluminescence produced during the  reac- 

t i o n  of germanium te t rahydr ide  and atomic' oxygen was s tud ied  with a 

g r a t i n g  monochromator, H i lge r ' e  small quar tz  spectrograph and a Jarrel- 

Ash 1.5m gra t ing  spectrograph. The i n i t i a l  spectrum was recorded with a 

Perkin-Elmer (Model 99) monochromator equipped with a 600 line/mm g r a t i n g  

b lazed  at 50008 and an  E.M.I. 95584 photomult ipl ier  tube. I n  order  t o  

f i n d  the  t r u e  relative i n t e n s i t y  of the observed epectrcm, the  s p e c t r a l  

response of the  recording system was obtained from the  observed spectrum 

of a etandard l i g h t  source (GE quartz iodine tungsten f i lament  lamp, 

Model 6.6A/T4Q/lCL-Z00W) . .* 
The absolute  i r r ad iance  of the  lamp was ob- 

t a i n e d  from S t a i r  e t  a l e  (1963). The i n i t i a l  recorded spectrum of t he  - 
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chemiluminescence produced during the r e a c t i o n  of germanium tetrahydride 

and atomic oxygen was corrected for  the  spectral  response of the  record- 

ing  system and the corrected p ro f i l e  of t he  recorded spectrum is shown 

i n  Figure 1. It can be seen from the corrected spectrum (Figure 1) t h a t  

i t s  i n t e n s i t y  is s t ronges t  i n  the  wavelength region around 3100% Since 

the  s e n s i t i v i t y  of t he  recording s y s t e m  drops considerably a t  wavelengths 

s h o r t e r  than 3000A, t he  spectrum of t he  chemiluminescence was photographed 

with a H i l g e r ' s  small quartz  spectrograph and i s  shown i n  P la t e  1. 

spectrum photographed wi th  t h i s  spectrograph shows the  presence of 

a l a rge  number of bands between the wavelength of 25002 and 50002. 

0 

The 

The d i spe r s ion  and r e so lu t ion  of t he  small  quartz  spectrograph 

was not s u f f i c i e n t  f o r  t he  d e f i n i t e  i d e n t i f i c a t i o n  of the observed bands. 

Therefore,  a spectrum was photographed w i t h  a 1 . 5 m  Jarrel-Ash g r a t i n g  

spectrograph with a g r a t i n g  blazed a t  30008 and r ec ip roca l  d i spers ion  of 

about ll8/mm. 
103 a-F f i l m  was about 2 hours. A wide s l i t  of about 2 nun width was used 

The exposure t i m e  required t o  ob ta in  a good spectrum on 
T 

because of t h e  low i n t e n s i t y  of the chemiluminescence and small l i g h t  

gather ing power of t he  g r a t i n g  spectrograph, This  has necessar i ly  

r e s u l t e d  i n  some l o s s  of reso lu t ion .  An enlargement of the photographed 

spectrum is  shown i n  P l a t e  2. 

3 .  Experimental Results 

The spectrum recorded with the  1.5m g r a t i n g  spectrograph w a s  

used for t h e  measurement of t he  wavelength of t h e  band heads which are 

.given i n  the f i r e r  column of Tables I and 11. 
v *  

The second column of 

Tables I and XI showe the  v i e u a l l y  estimated i n t e n s i t y  of t h e  bands. 
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TABLE f 

THE IDENTIFICATION OF.THE BANDS OF D-X SYSTEM OF GeO 

Measured A Intensity A (VI, VI/) Identification 
Visual 

2 Estimate (Jevons et a1,1937) 1 Calculated (VI, v'/)  

2364.79~ 
2373.6,k 
2386.1* 
2397.1* 
2406.8* 
2418.9* 
2429.4* 
2441.40 
2454.0 
2465.1* 
2477.3 
2491.5 
2501.9* 
2514 .8  
2430.0  
2562.4* 
2571.0 
2587.6* 
2602.8* 
2613.5 
2621.90 

2638.0 
2 644.9* 
2652.2* 
2658.5 
2661 .1  
2682.2  
2713.4  
2720.49k 
2730.17 
2754.6* 
2780 .1  
2804.2 
2837.49f 
2845.9* 
2856.2 
2881.6 
2893.8* 
2907.5 

2627.  a* 

1 
1 
2 
2 
2 
6 
1 

10 
12 
4 
5 

18 
2 
10 
30 
1 

30 
2 

12  
30 
15 

h 
1:' 
11 
1 

20 
20 
30  
4 
2 

20 
15 
15 
20 
15 
4 

15 
30 

5 
16 

2441.9 ( 7 ,  1) 
2454.8 ( 5 ,  0 )  

2477.8 ( 6 ,  1)  
2492.2 ( 4 ,  0 )  

2514.88 ( 5 ,  1) 
2531.10 ( 3 ,  0 )  

2571.83 ( 2 ,  0 )  

2514.13 (1, 0 )  
2619.5 (4,  2; 

2639.17 ( 2 ,  1) 

2659.42 (0 ,  0 )  
2662.33 ( 3 ,  2) 
2682.98 (1, 1) 
2707.4 ( 2 ,  2 )  

2730.02 ( 0 ,  1) 

2779.71  ( 2 ,  3 )  
2804.17 (0 ,  2 )  

2855.42 (2, 4 )  
2881.75 ( 0 ,  3 )  

2908.1 (1, 4 )  

2365.85 ( 1 1 , 2 )  
2375.4 ( 9 ,  1 )  
2385.67 ( 7 ,  0 )  
2398.3 ( 1 0 , 2 )  
2408.29 ( 8 ,  1) 
2419.85 ( 6 ,  0 )  
2431.33 ( 9 ,  2 )  
2442.61  ( 7 ,  1)  
2454.80 (10,3), 2455.52 ( 5 ,  0 )  
2465.81  ( 8 ,  2 )  
2478.45 ( 6 ,  1) 
2489.43 ( 9 ,  3 ) ,  2492.80 (4,  0 )  
2501.80 ( 7 ,  2 )  
2513.50 ( 1 0 , 4 ) ,  2515489 ( 5 ,  1) 
2531.76 ( 3 ,  0 )  
2563.35 ( 7 ,  3 )  
2572*.52 ( 2 ,  0 )  
2587.76 ( 8 ,  4 )  
2602.85 ( 6 ,  3 )  
2612.62 ( 9 ,  5 ) ,  2615.20 (1, 0 )  
2619.36 ( 4 ,  2 )  
2627.4 ( 7 ,  4 )  
2637.9 (10,6), 2638.85 ( 2 ,  1) 
2644.17 ( 5 ,  3 )  
2652.46 ( 8 ,  5 )  

2662.93 ( 3 ,  0 )  
2683.78 (1, 1) 
2712.40 ( 5 ,  4 )  
2719.85 ( 8 ,  6 )  
2730.90  ( 0 ,  1)  
2755.4 (1, 2) 
2780.55 ( 2 ,  3 )  
2805.09 ( 0 ,  2 ) ,  2805.73 ( 3 ,  4 )  
2836.25 ( 7 ,  7 )  
2844.3 (10, 9 )  
2855.87 ( 2 ,  41, 2857.89 ( 5 ,  6 )  
2881.95 ( 3 ,  5 ) ,  2882.71 ( 0 ,  3 )  

2908.57 (1, 6 ) ,  2908.80 (4, 6 )  

2659.90 (0, 0 )  

2890.93 ( 9 ,  9 )  
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TABLE I (Continued) 

Measured A In t ens it y A (VI, VI/) Identification 
Visual 

Ez Estimate (Jevons et el, 1937) ~alcu~nted (VI, VI/) 

2919.3* 
2961.8 
2969.6* 
2988.9 
3016.5* 
3048.8 
3075.5 

3104.2 
3132.4 
3134.3* 
3139.0* 
3158.3* 
3166.1 
3196.2 
3221.0 

3248.7* 

3262.2* 
3291.0 
3312.4* 
3320.8 
3325 3* 
3352*3* 
3380*2* 
3412.5* 
3422.0* 
3436.9* 
3454.3* 
3463.4* 
3484.7* 

35 19.2* 

3610.5* 
3638.6* 
3794.4* 
3812.7* 

349 1 8* 

3592*8* 

2 
20 
5 

30 
10 
5 
25 

16 
4 
4 
1 
2 
12 
12 
30 

8 

6 
6 
1 
15 
2.0 
15 
6 
1 
4 
6 
3 
8 
1 
8 
6 
1 
2 
3 
1 

0 .  2 

2963.04 (0, 4) 

2989.89 (1, 5) 

3048.76 (0, 5) 
3075.7 (1, 6) 

3103.1 (2, 7) 
3131.6 (3, 8) 

3165.9 (1, 7) 
3194.3 (2, 8) 
3222.9 (3, 9) 

3289.7 (2, 9) 

3319.4 (3, 10) 

2919.0 (10, 10) 
2961.68 (3, G), 2963.99 (0, 4) 
2968.13 (9,lO) 
2988.96 (4, 7), 2990.56 (I, 5) 
3016.73 (5, 8), 3017.61 (2, 6) 
3047.8 (9,11), 3048.76 (0, 5) 
3073.81 (7,10), 3073.18 (4, 8) 
3076.51. (1, 6) 
3104.31 (2, 7), 3103,4 (8, 11) 
3132.62 (3, 8) 
3133.1 (9, 12) 
3138.58 (0, 6) 
3158.6 (7, 11) 
3166.67 (1, 7) 
3195.26 (2, 8) 

3220.8 (6, 11) 
3251.0 (7,12), 3252.6 (10, 14), 
3253.98 (4, 10) 
3261.37 (1, 8) 
3290.76 (2, 9) 
3313.6 (9,14), 3314.8 (6, 12) 
3320.69 (3, 10) 
3331.21 (0, 8) 
3349.2 (4, 11) 
3378.0 (8,14), 3382.0 (5, 12) 
3410.4 (9,15), 3413.7 (6, 13) 
3421.0 (3, 11) 
3435.15 (0, 9) 

3465.72 (1, 10) 
3485.2 (5, 13) 
3494.6 (2, 11) 
3517.6 (6, 14) 
3593.5 (5, 14) 
3608.2 (2, 12) 
3640.8 (3, 13) 
3793.3 (4, 15) 
3815.8 (1, 13) 

3221.3 (9,13), 3224.36 (3, 9) 

3453.3 (4, 12) 
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TABLE I1 

THE UNIDENTIFIED BANDS 

Measured A R Intene i t y  

2928 a 2 
2944.5 
2952.1 
2978.0 
3003.4 
3040.2 
3053.4 
3090.9 
3122.5 
3148.0 
3175.4 
3185.6 
3299.6 * 

3304.9 
3370.7 
3473.1 
3549 .1  
3558.7 
3581.2 
3669.7 
3682.0 
3700aO 
3732.8 
3776.7 

3860.0 
3826.0 

1 
2 
4 
6 
3 
1 

16 
1 

12 
1 
8 
1 
1 
1 
1 
0 
2 
3 
2 
2 
1 
2 
2 
2 
2 
1 
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The spectrum of the  chemiluminescence produced during the  r eac t ion  of 

germanium tetrahydride and atomic oxygen i s  extensive and cons i s t s  of 

about one hundred bands between 2350'A and 40001. 

P l a t e  2 t h a t  most of t h e  observed bands are degraded t o  t h e  longer wave- 

length.  

bands is uncertain.  Previous workers (Pearse and Gaydon, 1963) have 

observed red-degraded bands of t h e  D-X system of GeO i n  a region between 

2342g and 33198. 

the  D-X system of GeO observed by Jevons e t  al. (1937) can be i d e n t i f i e d  

i n  the  present  spectrum. The wavelength of the  bands me'asured by Jevons 

- e t  a l .  (1937) are given i n  t h e  th i rd  column of Table I, 

similar appearance of the  remaining bands, i n  the  same region,  it was 

suspected t h a t  some of the  remaining bands may a l s o  belong t o  the  D-X 

system of the  GeO molecule. Therefore, t h e  wavelengths of the bands 

belonging t o  the  D-X system of GeO with v /  up t o  10 and v** up t o  15 

were ca lcu la ted  from the following expression given-by Jevons e t  a l .  

It may be noted from 

However, due t o  the  wide s l i t ,  the  degradation of some of the  

It was found tha t  a l l  t he  t h i r t y  bands belonging t o  

- 

Because of the 

2 v - 37762.4 + ( 6 5 1 . 3 ~ ~  - 4 . 2 ~ ~ ~ )  - (985.7'f - 4 . 3 ~ ~ '  ) 

where 01 - v 9 1 / 2 .  

heads, a number of remaining bands a r e  i d e n t i f i e d  and are indicated by 

a s t e r i s k s  i n  Table I. 

belonging t o  the  D-X system of GeOwith the  v i b r a t i o n a l  quantum numbers 

involved i n  the  t r a n s i t i o n  are given i n  t h e  fou r th  column of Table I. 

With the he lp  of the  ca lcu la ted  wavelength of t he  band 

The ca lcu la ted  wavelengths of t h e  i d e n t i f i e d  bands 

A number of addi t iona l  bands which cannot be i d e n t i f i e d  d e f i -  

n i t e l y  wi th  the  l&ds of the  D-X sys t em of GeO a r e . c o l l e c t e d  i n  Table 11. 

The th ree  s t ronges t  un ident i f ied  bands a r e  a t  3053.48, 3122.58 and 3175.48, . 
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2 2..-- 
which are probably the bands belonging t o  the C+ ; system of OH. How- 

eve r ,  the above i d e n t i f i c a t i o n  i s  n o t  conclusive due t o  the presence of 

t he  o the r  bands of the D-X system o f  GeO i n  t h e  same region. 

4. Discussion 

‘u 

The unique combination of wf and (30’ - 20‘ r )  has r e s u l t e d  e e e e 

i n  a narrow grouping of severa l  bands which together  with the  low reso lu t ion  

f u r t h e r  complicate the unique i d e n t i f i c a t i o n  of some bands. For example, 

t he  3,5 band a t  2881.95g, 0 ,3  bhnd a t  2882.71g and 6 ,7  band a t  2884.69g 

l i e  very  c lose  t o  each o ther  and, therefore ,  are not resolved. A number of 

such cases are shown i n  Table I, 

a l l  bands on the  sho r t  wavelength s ide  of the. spectrum belongs t o  t h e  D-X 

system of GeO, which was f i r s t  s tudied by Shaw (1937) and SenGupta (1937) 

However, i t  may be concluded t h a t  almost 

i n  emission from a carbon arc containing germanium compounds. 

observed the  bands from 2441g to  2989% and SenGupta extended t h e i r  observa- 

t i o n s  from 2342x t o  3292%. 

f a c t  t h a t  t o  ob ta in  g r e a t e r  cont ras t  between band head and overlying s t r u c -  

Shaw (1937) 

However, Jevons e t  al. (1937) recognized the  - 

t u r e  of neighboring bands, a source giving a lower temperature d i s t r i b u t i o n  

would appear t o  be neceeeary. Consequently, they used an uncondensed d i e -  

charge through a flowing mixture of &C14 and oxygen and were ab le  t o  extend 

t h e  D-X system of GeO t o  the  3319% 

they observed GeI lines, G e C l  bands and a continuum. 

However, i n  add i t ion  t o  the  GeO bands, 

This  is due t o  the 

non-selective e x c i t a t i o n  of spec t r a  i n  electric discharges.  

of a d d i t i o n a l  d i f f e r e n t  f ea tu re s  i n  t h e  s p e c t r a  of e lectr ical  discharges 

renders  t h e  obse&ation of the  desired spectrum d i f f i c u l t ,  On t h e  o ther  

The presence 

hand, t he  exc i ta t i ,on  of spec t r a  by chemiluminescent r e a c t i o n  i e  very 
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s e l e c t i v e  and is comparatively free  from the  presence of other  spec t r a l  

fea tures .  Therefore, we have been ab le  t o  extend the D-X system of GeO 

t o  3800% and a l s o  have been able  to  observe a number of new bands of the  

same system (marked by a s t e r i s k s  i n  Table I) which have not been reported 

by the  previous workers. 

I n  addi t ion  t o  the  bands belonging t o  the  D-X system of GeO, 

t he re  a r e  severa l  un ident i f ied  bands and a re  given i n  Table 11. 

these  bands l i e  between 30002 and 3800%. 

taken  wi th  t h e  two spectrographs show that a number of bands between 4000% 

and 50008 observed i n  the spectrum (Pla te  1) photographed with a Hilger ' s  

small quar tz  spectrograph are not observed i n  the  spectrum photographed 

wich t h e  Jarrel-Ash 1.5m g ra t ing  spectrograph. This is understandable be- 

cause the  g ra t ing  is  blazed fo r  30002 and, therefore ,  the e f f i c i ency  of 

t h e  g r a t i n g  i n  the  region between 4000x and 50002 is low. Moreover, t h e  

spectral  s e n s i t i v i t y  of the  103-a-F emulsion is a l so  low i n  t h i s  region. 

However, t he  observat ion of a number of un ident i f ied  bands on the  long 

wavelength s i d e  of t he  D-X system of GeO ind ica tes  a s t rong  p o s s i b i l i t y  

of a new band system of GeO in t h e  reg ion  between 30002 and 5000w. 

Most of 

A comparison of the spec t r a  

' 

The p o s s i b i l i t y  of a new band system of GeO on the  longer wave- 

l eng th  s i d e  of the  D-X system is indicated from the  comparison of t h e  

observed band systems belonging t o  the  diatomic oxides of the  elements of 

t h e  IV-a group of t h e  per iodic  t ab le  (CO, SiO, GeO, SnO and PbO). The 

energy level diagrams of these  molecules and t h e  observed t r a n s i t i o n s  are . 

shown i n  Figure 2.. 

t i one  of CO are not shown. Barrow, e t  al. (1954) have remarked t h a t  t h e  

The higher  energy levels and the  corresponding t r a n s i -  
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band system corresponding t o  the  B-X t r a n s i t i o n  of SnO have not  been ob- 

served i n  the case of S i 0  o r  GeO. This may be due t o  the sp in  forbidden 

na ture  of the t r a n s i t i n n  i n  the l i g h t  molecules. Since the GeO molecule 

is intermediate  between the  l i g h t e s t  and heavies t  molecule o f  t h i s  group, 

a weak band system on the longer wavelength s i d e  of the  D-X (analogous 

t o  the B-X systems of the  PbO and SnO molecules) may be expected, because 

the  correeponding s t a t e  of the GeO molecule may p a r t l y  approach the Hund's 

case  C. 

It is, t he re fo re ,  concluded that the s tudy of the chemiluminous 

r e a c t i o n s  of atomic oxygen can give more spectroscopic  information than 

a v a i l a b l e  from conventional spectroscopic sources. The spectrum of the  

chemiluminescence produced during the  r e a c t i o n  of germanium te t rahydr ide  

and atomic oxygen should be inves t iga ted  f o r  i den t i fy ing  a new band system 

i n  a reg ion  between 3000s and 500012. 

It has been mentioned earlier t h a t  no v i s l b l e  chemiluminescence 
' 

was observed during the  r eac t ion  between germanium t e t r a c h l o r i d e  and atomic 

oxygen. 

t he  r e a c t i o n s  of carbon compounds with atomic oxygen. 

hydrocarbons with atomic oxygen genera l ly  produce chemiluminescence, bu t  

no v i s i b l e  chemiluminescence was reported during the  r eac t ion  of carbon 

tetrachloride w i t h  atomic oxygen (Ung e t  a l . ,  1962). The above observa- 

t i o n s  ind ica t e  a s i m i l a r i t y  i n  the atomic oxygen r eac t ions  of the  hydride 

and ch lo r ide  of carbon and germanium which 6elong t o  the  same group of 

t he  pe r iod ic  t ab le .  

This observat ion may be compared with the  similar observat ions of 

The r eac t ions  of 
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APPENDIX C 

2 2 The True Potential Energy Curves of X C and A E 

State8 of the Ad0 Molecule* 

A. Sharma 
GCA Corporation, Bedford, Massachusetts 01730 

2 2 The A C - X C band system for AEO is of considerable astrophysical 

and geophysical importance. For example, the relative intensity of the 

bands belonging to the A 2 C - X 2 C system of A10 observed (lm3) during the 

rocket release of aluminum compounds in the upper atmosphere at twilight 

have been used to obtain information regarding upper atmospheric tempera- 

tures. The interpretation of such experiments require infomation con- 

eerning relative vibrational transition probabilities and Franck-Condon 

factors. The Franck-Condon factors for the above band system have been 

calculated by Nicholl~(~) and Tawde et 
2 2 A E and X C states of AEO follows the Morse curve. 

shown that, in certain cases, the Franck-Condon factors are quite sensi- 

tive to the shape of the potential energy curves. 
2 2 potential curves of the A C and X C states of A 4 0  are calculated and 

compared with the h r s e  potential. 

- 
after assuming that the 

(6) have Zare et al. 

Therefore, the true 

A teat .Lor finding whether a potential energy curve of a diatomic 

molecule can be reprerented by a Morae function has been given by 

*Thir work was euppotted by the National Aeronautice and Space Administration. 
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Pekqle,(7) who has shown that the following relation between the 

spectroscopic constants holds for a Morse curve: 

2 - -  
U E  U E  

I 6 J wxeBe3 6Be 
ae 

The deviation of the value of a calculated by Means of Eq. (1) from 

the observed value can then serve as an indication of the deviation of 

the Morse function from the true potential function of the respective 

state. Table 1 shows the comparison of the calculated and observed 

value of ae* 

lation have been taken from Tyte and Nicholle. (8’ It can be concluded 

from TabPe 1 that the X C state of A.80 is approximately represented by 

the Morse function, but the A C state is expected to show larger deviation. 

e 

-1 The spectroscopic constante (cm ) involved in the calcu- 

2 

2 

In view of the above finding, the true potential energy curve of 
2 2 the A C and X C states of A40 are calculated bjr the Rydberg-Klein-Reee 

method described by Zare. (’) The potential is constructed from the ob- 

served vibration and rotational term values rather than by an analytical 

form. The computer program described by Zare (lo) was used for the 

PBM-1094 Computer. 

were taken from Tyte and Nicholls. (” 

values from the bandhead measurements of Shimouchi, 

the bandheade with an accuracy of f 0.1 8 to f 0.3 8.  
the difference between the G(v) values calculated f r m  the bandhead and 

thooe calculated from the band erigin lies within the accuracy of the 

The spectroscopic data required for the computation 

They have calculated the G(v) 

who has measured 

Since we found that 

C *  
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TABLE 1 

(0 a x  Be ae observed a calculated q e e e e  State 

X2C 979 23 6.97 0.64136 5.80 5.78 

A2C 870 05 3.52 0.60408 4.47 loo3 3.55 x loo3 
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measurements of the bandheads, the G(v) values given by Tyte and 

Nicholle(8) were used. The results are given in Tables 2 and 3. 

The calculated potential energy cumes are compared with the Morse 

curves in Figures 1 and 2, which shows that the agreements between 

the true potential and Morse potential is reasonable for the X C 

state - particularly for vibrational levels v 5 6. However, the 

deviation of the true potential for A C state from the corresponding 

Morse potential is appreciable for even lower vibrational levels. 

2 

2 
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TABLE 2 

Potential Energy Curve for A C State of AaO 

(Y = 0 Rotational State) 

2 

(v + 1/21 r+ 

8 

0.5 

1.5 

2.5 

3.5 

4.f 

5.5 

6.5 

7.5 

8.5 

9.5 

10.5 

11.5 

8 

434.1 

1295 3 

2149. 6 

2996.6 

3836.0 

4668.1 

5492. ']I 

6309.1 

7118.2 

7921.0 

8715.3 

9505 3 

1 6668 

1.7325 

1.7850 

1 8235 

1 8563 

1.8860 

1.9135 
9 

1 9394 

1 9642 

1.9880 

2 I0111 

2 . 0337 

2 0552 

1.6080 

1.5685 

1.5430 

1 5233 

1.5070 

1.4929 

1.4804 

1.4693 

1.4592 

1.4499 

1.4413 

1.4337 



TABLE 3 
2 Potential Energy Curve for X C State of At0 

(J  = 0 Rotational State) 

(v + 1/21 =+ 
8 0 1.6176 

0.5 487.9 1 6808 1.5633 

1.5 

2.5 

3.5 

4.5 

5.5 

6.5 

7.5 

8.5 

9.5 

10.5 

11.5 

1452.1 

2401.4 

3336.1 

4257 * 8 

5165. f 

6058.1 

6934.6 

7801.1 

8660.4 

9487 3 

10310.0 

1 7309 

1.7688 

1.8014 

1.8311 

1.8583 

1.8854 

1.9110 

1 e 9355 

1.9593 

19 9850 

2 . 0065 

1.5261 

1 5026 

1 4845 

1.4696 

1.4567 

1.4452 

1 4349 

1 4257 

1.4175 

1 4084 

1 . 4022 
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APPENDIX D 

Studies of Ion-Neutral Reactions by a 
Photoionization Mass Spectrometer Technique* 

Peter Warneck 
GCA Corporation, Bedford, Massachusetts 01730 

(Received 9 May 1966) 

ABSTRACT 

The use of a photoionization mass spectrometer for ion-molecule 

reaction studies is described. 

are employed, measured directly with a McLeod gauge. 

cribed for determining ion residence time in the ion source at constant 

repeller field, using a pulsed light source. Drift velocities, diffusion 

coefficients, and ion temperatures are given fir N” ions in air as de- 

rived from an analysis of ion pulse shapes. 

for nitrogen ions in air and nitrogen, and for hydrogen ions in hydrogen. 

The associated rate constants are derived, 

Ion source pressures up to 200 microns 

A method is des- 

2 

Reaction studies are reported 

i 

L 

c -  

*Supported by the National Aeronautics and Space Administration under 
contracts NASW- 1341 and NAS5-9161. 
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INTRODUCTION 

The significance of ion-neutral reactions in fields as diverse as 

gas discharge phenomena, mass spectrometry, radiation chemistry, upper 

atmosphere physics, and flame ionization has stimulated a surge of in- 

vestigations concerned with ion reaction kinetics. 

extensively reviewed. A large number of studies employed mass spec- 

trometers equipped with high pressure ( > 10 torr) electron impact ion 

sources, but for these investigations, it is unfortunate that electron 

impact generally results in a host of ions of different types due to ion 

fragmentation. Unless the electron energies used are close to the ioni- 

zation threshold, the subsequent reaction kinetics can be sufficiently 

complex to prevent an unambiguous assignment of reaction paths and indi- 

vidual rate constants. 

The subject has been 

1- 6 

-4 

In the present work, this difficulty is overcome by the use of a 

photoionization source. The general features of photoionization mass 

spectrometers are well described in the literature 7-11 and the advantages 

T 

of photoionization over the more common electron impact ionization have 

been pointed out. Giese, 

photoionization technique also with respect to ion-molecule reaction 

studies. The outstanding feature is the ease with which ionizing energies 

can be selected using a monochromator of only moderate resolving power, so 

that by operating at photon energies near the threshold of a selected - 

6 and Tanaka and co-workers12 have discussed the 

ionization process, the degree of fragmentation can be controlled. With 
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exception of the recent work of 

reaction experiment reported by 

jective of photoionization mass 

Koyano et a1.12 and the ion-molecule 

Cook and Samson, the principal ob- 

spectroscopy formerly has been the 

13 

study of primary processes at pressures sufficiently low to exclude 

the occurrence of secondary reactions. The present work, by contrast, 

involves pressures up to 200 microns, and in this pressure domain, the 

effects of ion-neutral reactions are well displayed. 

Aside from interest in the fundamental behavior of ions in high 

pressure ion sources, the emphasis in the present work lies on the 

determination of phenomenological rate constants. 

basic experimental requirements may be briefly reviewed. 

* 
The corresponding 

j 

The rate con- 

stant k associated with reaction 

+ N + t A + M  + B  

is defined by the rate equation 

- - E -  dN+ dM+ N+ A 
dt dt 

or by the equivalent integrated expression valid for the case when the 

neutral reactant concentration remains essentially constant 

+ Here, the symbols N , M*, and A stand for the concentrations of the re- 

apective species, 

T is the avergge residence time of the parent ion N 

+ is the initial concentration of the parent ion, and. 
NO 

9 in the source. Clearly, 
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the experimental paramctcrs to be measured for a dcterrnination of k 
+ +  include the partial pressure of A ,  the ratio of ion currents N /N 

or No /M , and the residence time 7. 
if most problematic and deserves conrment. 

0 + +  Of these, the measurement of T 

At sufficiently low pressures in the source, the ions moving in 

the extraction field are accelerated freely without impeding collisional 

encounters, so that the residence time can be calculated from Newton’s 

equation of motion, privided the electric field strength and the flight 

distance are known. This has been the basis for most rate constant de- 

terminations in the past. Little uncertainty usually exists concerning 

the flight distance, but the fields, as calculated from the applied po- 

& 

I 

tentials, can be distorted by contact potentials, surface charges, or 

field penetration into the source. The experimental determination of 

actual fields in the source is difficult and apparently has not been at- 

tempted. As the pressure in the source is increased, ions suffer col- 

lisions on their way to the extraction orifice and the discrepancies be- 

tween real and calculated residence timee becomes more serious. However, 

at sufficiently high ion source pressure, the motion of ions in the re- 

peller field is drift, and the residence time becomes, in principal, 

calculable again. Nevertheless, current knowledge about drift velocities 

in many case8 cannot be extrapolated toward the conditions existing in the 

ion.source, so that there is e real need for a method to determine experimen- 

* 

tally the parent ion residence times, regardlese of the environmental coridi- 

t ions in the*%ource. 
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In view of the importance of residence time determinations, a 

considerable effort was devoted to this task in the present study. 

Residence times were obtained from delay time measurements made pos- 

sible by the use of a pulsed light source. 

vided information on drift velocities, diffusion coefficients, and ion 

temperatures for N; in air. The present method is applied to ions moving 

in a time independent repeller field. This method is quite different from 

that developed by Talrose and Frankevich,14 who let the ions react in an 

essentially field-free region and then sampled them by means of a pulsed 

extraction field; and that by Hand and von Weyssenhoff, who employed a 

Delay time data also pro- 

18 

time-of-flight mass spectrometer. 

EXPERIMENTAL 

Apparatus 

Only the principle features will be given here 

Briefly: the 

a 1/2-m Seya vacuum uv monochromator 

description has appeared elsewhere. l9 

are involved: 

since a more detailed 

following components 

operated in conjunction 

with a Weissler-type repetitively pulsed nitrogen spark light source, a 

stainless steel ion source located at the monochromator exit, a sodium sali- 

cylate-coated photomultiplier detector for relative intensity measurements, 

a 180-degree magnetic analyzer with wedge-shaped air gap, and a 20-stage 

electron multiplier ion detector followed by a vibrating reed electrometer 

and strip chart recorder. Differential pumping is employed to achieve ion 

source pressures up to 200 microns while simultaneously keeping the analyzer 

pressure in the PO torr range. 
** 

-6 
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A cylindrical ion source is used with ion extraction occurring in 
b 

axial direction through a 0.7 mm diameter orifice. An appropriately 

biased repeller plate provides the necessary extraction field. Photoions 

are formed along the plane of the light beam perpendicular to the cylinder 

axis. The center of ion formation is located 3 nun away from the extraction 

orifice. With the optical entrance slit to the source in focal position 

and with the slit bars adjusted to a width of 0.25 nun, the average width 

of the light beam inside the source is 0.6 mn. 

resolution is approximately 5 %. 
so that the release of photoelectrons from light striking the walls is 

The resulting spectral 

Subsequent optical slits are wide enough 

avoided. Photoelectrons produced at the confining slit are prevented from 

from entering the source by means of a small auxiliary field. 

The gas pressure in the ion source is measured directly with a McLeod 

gauge through the hollow stem of the repeller. Gases enter the source 

through the circular gap between the repeller plate and the surrounding 

walls, and they leave the source mainly through the light beam exit slit. 

Flow and pressure are adjusted by leak valves. Research quality cylinder 

gases are employed, with traces of moisture being removed by a trap cooled 

with liquid nitrogen or Dry Ice. A cold trap was used also in conjunction 

with the McLeod gauge. Errors in the pressure determination cause by the 

mercury vapor stream ef fect2' were not corrected for since they were gener- 

ally smaller than the involved reading errore. 

I 
I 
I 
I 
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Determination of Residence Times 

The spark light source was operated with a repetition rate of 

120 pulses/sec. 

a microsecond which, in comparison to most ion source residence times, 

was sufficiently short to justify the notion of essentially instantan- 

eous ion deposition. A notable exception were residence times for hy- 

drogen ions, which were of the same magnitude as the pulse duration. 

The average individual pulse duration was about half 

Ion source residence times were determined from measurements of 

the total time delay between the formation of ions in the source and 

their arrival at the mass spectrometer collector. A calibrated Textronix 

oscilloscope triggered by the photomultiplier signal was used for this 

purpose. A reproducibility of f 0.2 microsecond was achieved in these 

measurements. The total delay time thus obtained is a composite of the 

residence time of ions in the source and the ion flight time in the mass 

spectrometer. However, the residence time strongly varies with the re- 
'I 

peller field, whereas the ion flight time is nearly.independent of the 

repeller field within certain limits. An extrapolation toward infinite 

repeller fields, corresponding to negligible residence times, thus provides 

the ion flight time in the spectrometer which can then be applied to derive 

the residence time for any chosen repeller potential setting. Figure 1 

illustrates this extrapolation. The measured variation of delay time with 

repeller voltage for a given ion source'pressure is plotted versus the in- 

verse repeWer voltage. The ion flight time is determined from the inter- 

cept of the curve with the ordinate. Figure 2, which gives results for 

91 



I 
1 
I 
I 
13 
c 

I 
I 

I .3 
1 

12 

I I  

IO 

9 

0 

O l C C l 7 8  - 330F 

0 I 2 3 

INVERSE REPELLER VOLTAGE 

Figure 1.  "Variation of ion pulse  felay time with inverse 
repeller voltage (volt- ). 
derived from the intercept on the ordinate. 

Free f l i ght  t ime  is 
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nitrogen ions in air at various pressures, demonstrates that the 

extrapolation is essentially linear in the vicinity of the ordinate. 

This linearity has been found to hold for all ions and pressure regions 

investigated so far. In view of the square root relationship between 

residence time and repeller potential at low pressures, the possibility 

of plotting delay time data versus the square root of the inverse repel- 

ler voltage was also tested. Linearity of extrapolation was again observed, 

as expected, but the extrapolation toward the intercept on the ordinate were 

somewhat longer and, hence, less certain. A comparison of ion flight times 

derived from both types of plots gave almost identical results. 

The ion flight times obtained by these procedures still require 8 cor- 

rection, since the assumption that the ion flight time remains unaffected 

by a change in the repeller potential iswalid only for sufficiently small 

repeller fields. The validity of this assumption breaks down when the ion 

velocity resulting from acceleration in the regeller field becomes signifi- 

cant in comparison to that acquired in the accelerating region outside the 

ion source. 

L. 

The effect to be expected can be calculated from the applied 

acceleration potential (750 volts) and the approximately known geometry of 

the ion orbit, resulting in a correction factor 0.94 for ion flight times 

determined from both types of plots discussed above. It was also estab- 

lished by these calculations that the repeller potentials actually applied 

in the experiments (0-30 volts) were well within the range of repeller 

potentials for which extrapolations are valid. 
.* 
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For the interpretation of residence time measurements, it is also 

necessary to discuss the behavior of ion pulse shapes displayed by the 

oxcilloscope. Figur'e 3 shows the observed and expected pulse shapes 

for two density distributions perpendicular to the plane of ion forma- 

tion in the ion source. The rectangular shape on the left corresponds 

to the initial ion distribution produced by the light beam. The as- 

sociated idealized pulse shape was observed whenever pressures were 

sufficiently low and repeller voltages sufficiently high so that residence 

times were short. For long residence times, as they were observed at 

pressures above 50 microns and with low repeller voltage settings, the 

pulses developed long feet and their shape corresponded better to the 

Gaussian distribution shown in Figure 3 on the right. At high pressures, 

when the ions traveling toward the source exit suffer many collisions, 

the broadening of the initially rectangular ion distribution is inter- 

preted as being due to diffusion. At low pressures, when ionic motion 

is not hampered by collisions, the change in the ion density profile must 
. 

be produced by the influence of the thermal distribution of initial ion 

velocities. The influence of charge repulsion is negligible for the ion 

densities encouncered in these experiments. 

From Figure 3, it is apparent that the center of the ion distribution 

is represented by the half-rise point of the charge buildup at the detector. 

Accordingly, the average residence times should be determined from the half- 

rise time of the ion pulse observed on tlJe oscilloscope. Unfortunately, * 

the measuremdt of half-rise times was n6t always found convenient because 

of the presence of jitter and statistical noise particularly for low 

95 



CJICC 187- IOS 

X- I .  

i t -  t -  

Figure 3 .  Spectral ion distributions i n  the source (a) and 
gpsociated pulse shapes a t  the col lector:  idealized (b) ; 
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ion currents. An additional uncertainty is introduced by the finite 

time constant of the RC element connecting the mass spectrometer col- 

lector to the oscilloscope, so that the pulse height against which the 

half rise point is to be measured is lowered. 

These difficulties are avoided when the pulse onset is used for 

time delay measurements. However, the use of first arrival times 

provides only a lower limit to the delay*and residence time, and the 

derivation of average residence times consequently requires a cor- 

rection to take into account the broadening of the ion distribution. 

Appropriate correction formulae are derived in the appendix. In the 

high pressure domain, where pulse broadening is caused by ion diffusion, 

the average residence time T can be expressed by 
0 

Here, T is the lower limit residence time derived from the first arrival 

of the ion pulse, D is the diffusion coefficient of ions under consideration, 

and d is the distance from the origin of these ions to the ion source exit. 

A similar formula is applicable at low pressures where the pulse broadening 

is due to initial thermal velocities of the ions: 

T - ‘ c  2 /(1 - 1.28 T @d) 
0 

(4 1 

with k being the Boltzmann constant, T the gas temperature,and m the mass 

of the ioni;. species under consideration. 
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RESULTS AND DISCUSSION 

Performance of Apparatus 

It is commonly assumed in ion-molecule reaction studies that ion 

current ratios measured at the mass spectrometer detector are equivalent 

to the ratios of ion fluxes generated in the source. Several fundamental 

effects, however, can invalidate the assumption of equal collection effi- 

ciencies for all ions. The factors discussed here include pressure, ion- 

electron conversion at the multiplier detector, and the variation of ion. 

dollection from the source for ions with different kinetic energy. 

The use of high pressures in a mass spectrometer ion source generally 

leads to ion current-pressure relationships which are nonlinear, even in 

the absence of ion-molecule interactions. Such nonlinearities were observed 

to occur in the present experiments, mainly at pressurceexceeding 100 microns. 

Predominantly, the cause is non-uniform absorption of ionizing radiation in 

the source. This effect has been discussed previously.” If absorption cross . 

sections are available for the wavelength region of interest, appropriate cor- 

rections can be applied. It appears, however, that several other effects can 

also contribute to the observed nonlinearity of ion current with pressure. 

The following posribilitier were explored: (a) dependence on light intensity, 

(b) variation with rrprllrr potential, and (c) broadening of mass peaks. .These 

rtudirr worr p d r  with oxygen in the ion source as no ion-molecule reactions 

m r r  obrrrvrd to occur for 0; ions in O2 up to 200 microns pressure.’ 
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(a) To study thc influcncc o l  light intensity but keep the other parameters 

constant, it was necessary to adjust intensities by variation of the mono- 

chromator entrance slit setting. Since this procedure affects the resolution, 

the 685 group of nitrogen lines were used for the measurements. This group 

consists of an unresolved triplet well isolated from other lines in the 

vicinity. Accordingly, any eFfects caused by a change of the effective 

absorption cross section are minimized, At 685 g, the energy is still in- 

sufficient to produce dissociative ionization of 0 so that only OZT ions 2 

are present. Photomultiplier currents were used as a measure of the light 

intensity. The results are shown in Figure 4, where the observed ion currents 

divided by the photomultiplier currents are plotted as a function of ion source 

pressure. A lowering of the normalized ion currents is apparent at pressures 

above 100 microns when a high light intensity is used. The reason for the 

intensity dependence is not entirely clear, but it may be noted that with the 

use of pulsed light sources as in the present experiments, transient ion den- 

sities of the order of 10 a ions/cc can be reachGd so that space charge effects 

might become significant. The study of ion-molecule reactions obviously re- 

quires operation at Power light intensities where this effect is negligible. 

(b) Variation of the repeller potential causes a variation of the ion in- 

tensity at any ion source pressure owing to a change in the ion collection 

efficiency. When adjusting for this effect, it was found that a variation 

of the repeller potential had no influence upon the ion intensity as a 

function of pressure for the investigated range of repeller potentials, 

1 to 10 volt@; corresponding to field strength o f  approximately 1.6 to 16 

volt s /an. 

I 
8 
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For the sake of c lar i ty ,  the absorption correc- 



(c) Since ion currents customarily are measured at the maximum rather 

than by the area underneath a mass peak, it was of interest to investi- 

gate the equivalence of both procedures. This test was again performed 

with ionizing light at 685 8. The data shown in Figure 5 are normalized 

with respect to each othcr t o  facilitate camparison. Up to 120 microns, 

the data are equivalent but at higher pressures, the use of peak heights 

gives lower relative values. At these pressures, the mass peaks develop 

tails in the direction of lower energies, indicating an increase in the 

energy spread of the ions which undoubtedly is caused by energy losses 

during ion-neutral collisions in the accelerating region outside the ion 

source. Other effects produced by collisions include a broadening of the 

ion beam before it enters the spectrometer and loss of beam intensity due 

to self scattering. The last two processes, however, have little influence 

upon the ion current in the present experimental arrangement because of the 

large solid angle of acceptance associated with the employed magnetic analyzer. 

For the study of ion-molecule reactions, it as also important to 

establish the signal conversion efficiency of the electron multiplier 

detector for ions of different mass (and type), since ion discrimination 

would affect the observable reactant-product ratios. Owing to the small 

ion currents available in the present experiment, this effect could not be 

evaluated directly. However, at sufficiently low source pressure, ion 

production is proportional to the product yup,  where y is the photoionization 

yield, u the absorption cros8 eection at the employed wavelength, and p is 

the gas preseure in the source. Hence, it should be possible to estimate the 
L 
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rclative multiplier conversion efficiencies from a comparison of ion 

currents observcd for various gases and corrected for the pertinent 

values of yup, provided the ion collection from the, source is indepen- 

dent of the nature of the ions. Appropriate experiments with 685 2 
radiation employed argon, nitrogen, oxygen, carbon monoxide, carbon 

dioxide, hydrogen, and methane as sample gases. Photoionization yields 

and absorption cross sections for the first five gases were taken from 

the tables given by Samson and Cairns,P1 those for hydrogen and methane 

from the data by Cook and Metzger. 22’23 Although the results for rela- 

tive multiplier conversion efficiencies showed considerable scatter due 

to the accumulation of various errors, they displayed no trends within 

the investigated m/e region indicating that mass discrimination, if 

present, is a small effect. Although this result is at variance with 

the findings of Inghram and Ha~den,’~ it is consistent with our previous 

data obtained with 584 A helium resonance radiation.” It is noteworthy 

that, in both cases, the response of the detector for methane ions was 

persistently higher relative to that for the other sample gases, if the 

fragmentation yield for C€$ and Cy2 ions2’ was taken into account. 

While these results appear to justify the assumption of equal collec- 

tion efficiencies for all ions present in the source, there is evidence 

that the collection efficiency decreases for ions which have acquired ex- 

cess kinetic energy during a reaction. The balance between reactant con- 

sumption and product evolution was briefly studied for the dissociative 

charge traniier porcesses involving helium ions .and nitrogen or oxygen. 

These reactions were discussed by Ferguaon et 

Fried~nan.’~ 

and by Moran and 

The details of this experiment will not be reported here, but 
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it is significant that the reaction of helium ions with nitrogen gave 

product ion intensities in perfect balance with helium ion losses, 

whereas in the reaction with oxygen when studied at low pressures, only 

20 percent of the consumed helium ions could be recovered as 0 ions. 

No other products were discernible. AB the gas pressure was increased 

+ 

+ so that 0 product ions underwent collisions on their 

traction orifice, the product-reactant loss ratio was 

and Friedman” have shown that the reaction of helium 

path to the ex- 

improved. Moran 

ions with oxygen 

results in oxygen ions having excess kinetic energies. 

the reaction with nitrogen is essentially thermoneutral so that the re- 

sulting products are in the thermal kinetic energy range. The present 

results, therefore, lead to the conclusion that the employed ion source 

On the other hand, 

geometry and low electric field disfavor the collection of ions endowed 

with excess kinetic energies. 

low pressures, but.it is subdued when ion-neutral collisions are sufficient 

to moderate the energy excess. 

The influence of this factor is greatest at 
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Residence Times 

Figure 6 gives the variation of residence times with pressure for 

nitrogen ions in air with a repeller potential of 1 volt. Of the two 

s e t s  of data shown, the upper one was obtained from the half-rise time 

of the ion pulse and represents the true average residence times, whereas 

the lower refers to the earliest arrival times of the ion pulse. The ob- 

served decrease of residence times with decreasing pressure is expected. 

Extrapolation toward low pressures gives a limiting value which is in 

reasonable agreement with the residence time calculated from the equation 

for collision-free acceleration of the ions ( 3 . 3  p sec). 

shown in Figure 6 ,  drift velocities of nitrogen ions in air, their diffusion 

coefficients, and the associated ionic temperatures can be deduced. 

From the data 

Drift velocities were obtained from the relation v = d/.ro and are 

shown in Figure 7 in a logarithmic plot versus the relative field 

strength E/p. The observed slope of nearly 1ITindicates a root relation- 

ship. Also shown by the solid and broken lines are results reported by 

Martin - et a1.28 and by DahlquistZg for N2 ions in nitrogen. 

ment is obtained even though the present results refer to air. Nevertheless, 

+ Good agree- 

our data are considered only moderately accurate because of the difficulties 

involved in defining the true electric field. At E/p values greater than 4 5 ,  

the data are even less acceptable since the pressures become too low to 

justify the model of drift. 

105 



‘1 
I 
1 
8 
I 
I 

I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 

0 
0 

Q 
0 

0 

0 

0 
0 

O I C C 1 9 5  - 3 0 F  

0 I00 200 

PRESSURE (microns) 
+ Figure 6,  N2 ion residence times in air as a function 
of pressure, derived from first arrival 
time (0) and half-rise time (0) of ion 
pulse-at the collector. 

106 



IO 

5 

2 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

O I C C 1 5 9  - 7 0 F  

I I I l l  I I I I I I I 1  
I I 

/ 
/ 

0 

0 

E/p IN volts /crn*rnrnHg 

+ Figure 7 .  Drift velocit ies  of N2 ions i n  a ir  a8 deduced from residence 

times i n  the source. Circles indicate present data, the 
sol id line data by Martin e t  a l . ,  the broken l ine data by 
Dahlquist. 

107 



I 
1 
I 
D 
D 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
i 
I 
I 

Diffusion Coefficients wcrc calculated from T and T with the 
0 

aid of Equation ( 3 ) .  The results are shown in Figure 8 as a function 

of reciprocal pressure. The observed linear relationship confirms the 

interpretation that the broadening of the ion density profile in the 

ion source is due to diffusion. The here derived diffusion coefficients 

have the expected gas kinetic values. The linear relationship with l/p 

breaks down for pressures less than 40 microns, which is also the limit 

t o  which meaningful drift velocities could be determined. At lower 

pressures, the number of collisions an ion encounters on its way to 

the sampling orifice evidently is insufficient t o  sustain the mechanisms 

of diffusion and drift. In this pressure region, the motion of ions changes 

from drift to free acceleration. 

The independent determination of diffusion Coefficients in these 

experiments permits also the derivation of ion temperatures from the re- 

lationship Ti = eD/kp. 

constant, and p = v/E the ionic mobility. 

way are plotted versus E/p in Figure 9 .  

mainly to the variation in the diffusion coefficients. The solid line 

shown was obtained with the use of least square averaged diffusion coef- 

ficients. It is interesting to note the approximate linearity with E/p. 

The relationship Ti - T 
originally proposed by Varney. 30 The slope in Figure 9 is a - 11, which 
is in excellent agreement with that deduced by Varney (a = 12.5) from 

drift velociw measurements at different temperatures. However, since 

Here, e is the charge of the ion, k the Boltzmann 
T 

Temperatures derived in this 

The large scatter of data is due 

+ a E/p for nitrogen ions in nitrogen was 
gas 
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Figure 8.  Diffusion coeffic+ents of N2 ions i n  air  as derived 

from the broadening of the ion profile in the source. 
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+ Figure 9 .  NZ ion temperature in air versus relative filed 

strength E/P.  
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Varney derived the temperature scale from considerations of the equili- 

brium between N 4- and N + ions, h i s  data really refer'to the temperature 4 2 2. + of the N4 ion, although he assumed then. applicable also to N2+ ions.. As 

a consequence, the obtained agreement may be coincidental. At present, 

it is not known whether the observed (approximate) linearity of T with 

E/p has general applicability, but from the derivation of the ion temperature, 
i 

it is clear that it should depend on the detailed behavior of ion mobility. 

Ion Molecule Reaction Rates 

Rate constants are reported here for the reaction of nitrogen ions with 

oxygen and nitrogen, and for the proton transfer reaction in hydrogen. More 

specifically, these reactions read 
+ + 

(1) N2 + o2 -P 02& + N2 
(2) N: + O2 * Not + NO 
(3) N: + N2 4 N4 

(4) %++ €$ 3 H.,++ H 

+ 

The above reactions were studied with radiation centered at 764 El wavelength. 
Owing to the limited wavelength resolution, the employed radiation contained 

several component lines, the three strongest being NIV 765.1, NIII 764.4, and 

OV 760.4 w. 
energy lies 0.64 eV above the threshold for N2f fonnation and 0.75 eV above 

The associated energy spread is 0.1 eV. The available photon 

+ that for H formation. Although this is insufficient for the production of 2 
ions in electronically excited states, it includes the excitation of vibration- 

a1 or rotational levels. Specifically, for 3 , the occurrence of vibrational 
excitation has been demonstrated by Doolittle and Schoen31 in this wavelengtb 

+ 
.* 

region. 
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Reactions (1) and (2) were studied with air introduced to the 

system at source pressures up to 200 microns. 

rapidly while Reaction (2) was negligible under all conditions. 

Figure 10 shows the N2 and 0: ion currents observed as a function of 

pressure for a repeller voltage setting of 0.5 vol t .  

Reaction (1) is evidenced by the rise of 02+ current at the expense of 

Reaction (1) proceeded 

+ 

Occurrence of 

+ the N2 current. 

which, in this case, exhibits an almost linear 

Also shown in Figure 10 is the sum of both current 
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pressure dependence. T h e  deviations from linearity are attributable 

to the increase of light absorption in the source. The limiting ratio 

of the ion currents at low pressures, R = i(N2 )/i(02 ), was determined 

by expansion of Figure 10 as R = 7.1. 

absorption and photoionization coefficients, 

+ + 

The ratio expected from the known 
21 

taking into account only 

the three strongest lines contributing to the radiation, weighed according 

to their intensity,,is R = 8 . 5 .  

sidered that the wavelength setting may have favored either one of the outer 

The agreement is reasonable if it is con- 

lines of this group. 

Rate constants determined from the data shown in Figure 10 are given 

in Table I. 

from the sum of the observed ion current multiplied by the ratio Rmeasured 

at low pressures. N2+ residence times were determined from first arrival 

times of the ion pulse at the detector, and the correction 

The initial ion currents, i(N2+)o and i(O,+)o, were deduced 

according to 

Equation (3) was applied. 

smaller than those shown in Figure 6 

The residence times thus found were somewhat 

despite ' the smaller repeller potential 

employed. 

larger extraction orifice was used so that field penetration probably raised 

However, these measurements were made early in this work, when a 

the field strength actually existing in the source. The data shown in Table 2 

were obtained under conditione more nearly resembling those pertaining to 

Figure 6 .  The diameter of the extraction hole in this second series of runs 

was 0.7 mm (as used throughout in later experiments), and the repeller potential 

was approximately 1.5 volts. 

runs are in excellent agreement with each other indicating that the employed 

method of residence time determination yield8 correct results independently 2 

The rate constants obtained from both serips of 

.* 
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Figure 10. Variation of ion intensities in air with pressure: 0 
0 Nitrogen ions; 0 Oxygen ions; A sum-of both. 
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+ TABLE I. Rate constants for the reaction N2 + 02. 

41 
60 
87 
100 
114 
123 
13 5 
14 0 
14 9 
160 
168 
170 
190 
192 

370 
4 90 
5 65 
560 
550 
508 
498 
450 
452 
3 67 
3 20 
302 
2 60 
236 

81 
156 
3 10 
4 15 
600 
662 
830 
930 
956 
1135 
1355 
12 15 
1600 
1638 

396 
5 66 
7 66 
854 
1007 
1025 
1162 
1208 
1232 
13 15 
14 65 
1355 
1629 
1640 

55 
80 
108 
120 
14 2 
144 
163 
170 
173 
185 
207 
19 1 
23 9 
23 1 

2.6 
3.8 
5.6 
6.8 
7.6 
8.4 
9.6 
10.0 
10.4 
11.2 
11.6 
11.8 
12.8 
12.9 

0.031 
0.063 
0.134 
0.184 
0.263 
0.305 
0.370 
0.431 
0.439 
0.554 
0.665 
0.612 
0.783 
0.868 

1.01 
0.96 
0.96 
0.94 
1.06 
1.22 
0.99 
1.07 
0.99 
1.07 
1.19 
1.06 
1.12 
1.22 

- 10 average k = 1.06 x 10 cc/molecule sec 1 

115 



+ TABLE 11. 1; -' constants f o r  the reaction N + 02. 2 

(N;)o 10 P T 1% + + k x 10 
(N2 '04'2 cc/molecule sec microns (arbitrary units) p sec 

30 
44  
66 
85 
102 
128 
13 6 
140 
160 
176 
196 
200 

480 
535 
5 80 
530 
530 
435 
4 10 
4 10 
335 
2 90 
240 
250 

100 500 
144 582 
2 60 735 
3 80 796 
485 888 
7 00 994 
7 20 989 
7 65 1030 
990 1180 
1130 1345 
1360 1400 
1340 1390 

70 3.1 
84 3.7 
104 5.3 
112 6.2 
125 7.1 
140 0.4 
139 8.7 
14 5 9.0 
166 9.8 
190 10.5 
197 11.3 
196 11.4 

0.028 
0.048 
0.104 
0.178 
0.226 
0.360 
0.385 
0.400 
0.521 
0.521 
0.771 
0.752 

1.07 
1.04 
1.03 
1.18 
1.09 
1.16 
1.14 
1.11 
1.16 
0.99 
1.22 
1.15 

average k = 1.11 x cc/molecule sec 1 
T 
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rcpeller potential settings and t h e  resulti&ng fields. Significantly, 

the individual rate constants exhibit no trends as the pressure is 

varied, although according to Figure 9 the ionic temperature decreases 

as the pressure is increased. This shows that at least in the 300 to 

700 K region, the rate constant for Reaction (1) is temperature inde- 

pendent. The value averaged from the data shown in Tables I and I1 is 

kl = 1.1 x 1O-I’ cc/molecule sec, in approximate agreement with the pre- 

and in ex- vious estimate of 2 x 10 

cellent agreement with the value k 

0 

- 10 32 cc/molecule sec by Fite et al., 

= 1.0 x 10”O recently established by 1 - 
33 Ferguson and collaborators. Their experimental results were obtained 

under entirely different experimental conditions, i. e., with a steady flow 

technique involving several torr of helium as a buffer gas. The close agree- 

ment of results thus adds confidence in the present experimental technique. 

Reaction (2) has not been observed in these experiments and only an 

upper limit to its rate constant can be given. Even at pressures exceeding 

200 microns, no nitric oxide ions could be detected. However, in this pres- 
‘I 

sure region, the 0 peak generated by Reaction (1) developed a tail, a portion 

of which covered the m/e = 30 region of the mass spectrum. 
2 

From the current 

ratio of the background to that of the mass number 32 peak, the upper limit 

rate constant for Reaction (2) was found to be 3 x that of Reaction (1) 

or k2 3 x 10 cc/molecule sec. This is an order of magnitude smaller than 

In this particular case, the the upper limit value derived by Galli et al. 

photoionization mass spectrometer is used with advantage, since as Talrose , 

14 

34 

35 

has demonstrated, the commonly employed electron impact ion sources generate 

NO from nitrogen oxidation at the hot filament. 
* *  
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Reaction (3) was s t u d i e d  in nitrogen at source pressures from 

90 to 200 microns. At lower pressures, N4+ ions could still be 

discerned, but usable data were difficult to obtain because of ex- 

cessive noise. Water vapor was a noticeable impurity despite the 

application of a liquid nitrogen cooled trap. Apparently, the forma- 

tion of 30' ions occurs by a very fast charge transfer reaction in- 

volving nitrogen ions. 

; 

The intensities of the m/e = 18 peak were, 
+ therefore, added to the sum of N2+ and N ion currents to determine 4 + the initial N2 

stants, although this correction amounted to only a few percent. Table 

currents required for the determination of rate con- 

I11 shows the data including residence times and rate constants computed 

. from Equation (3). The magnitude of the derived rate constants is in 

reasonable agreement with that reported by Fite et ale3' (k3 = 5 x 10 

cc/molecule sec), but the present data are in disagreement in that they 

- 13 

exhibit a trend with pressure. Seemingly, Reaction (3) is not a bimolecular 

process as predicted by Fite et al. A plot versus pressure in Figure 11 

shows that the pressure dependence of the rate constants derived for the 

bimolecular process is linear and that an extrapolation toward zero pres- 

sure goes through the origin of the plot. This is clear evidence that 

Reaction (3) involves a third body and should properly be written 

+ Np + (3a) N2+ + 2N2 + N 4 

In view of the attachment nature of this reaction, the participation of 

a third body is required to stabilize the resultant N4 

sufficiently high pressures, the reaction can become effectively bimolecular 

if the lifetime of the N4+ complex' is longer than the mean free flight time 

of the ions between collisions so that stabilization is always effective. 

+ ion. However, at 
e *  

r 
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+ TABLE 111. Rate constants for the reaction N2 + N2. 

94 
98 
115 
120 
130 
742 
154 
165 
177 
185 
194 
195 

1330 
1290 
14 20 
1400 
1470 
15 10 
15 60 
15 10 
15 60 
1540 
15 10 
15 15 

11 1365 ,0082 
12 1302 ,0092 
20 1440 ,0139 
27 1460 ,0185 
30 1500 ,0200 
40 1550 .0258 
51 1611 ,0317 

81 1691 ,0492 

108 1666 ,0668 
111 1686 ,00617 

64 1616 ,0406 

96 1686 ,0588 

10.0 
10.5 
11.8 
12.2 
13.0 
13.8 
14.6 
15.4 

16.6 
18.7 
17.2 

16.0 

2.61 
2.71 
3.10 
3.84 
3.60 
4.00 
4.27 
4.73 
5.27 
5.62 
5.45 
5.75 

8.42 
8.38 
8.18 
9.30 
8.40 
8.55 
8.40 

9.02 
9.20 

8.85 

8.70 

8.50 

N sum of ion intensities 
at m / e  = 28, 56, and 18. 

0 I 2 2 average k3a 8.5 x loo2' cc /molecule sec 
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In the pressure range u s e d  here, this case evidently does not apply. 

The rate constants associated with Reaction (3a)are obtained from the 

bimolecular rate constants k divided by the corresponding number den- 3 
2 sity of nitrogen. An averaged rate constant k 

sec is derived from the data shown in Table 111. 

= 8 . 5 ~  10~29cc2/molecule 3a 

It should not be overlooked that N + ions can also dissociate upon 4 
collisions. In fact, Varney3O has successfully interpreted drift velocity 

data in nitrogen on the basis that N + and N + ions are in thermal equili- 2 4 
brium. It remained, therefore, to  check upon this possibility under the 

present experimental conditions.. With the use of the equilibrium constant and the' 

temperature scale for N ions given by Varney, the degree of dissociation 

of N4 Further, an attempt t o  fit the present 

data into a thermal equilibrium scheme failed both qualitatively and quanti- 

4 + ions was found inappreciable. 

tatively. The conclusion is that the ion residence time in the source is in- 

sufficient for equilibrium conditions to develop. On the other hand, this is 

precisely the situation which enables the determination of the rate constant 

associated with Reaction (3a). 

Reaction (4 )  was studied mainly to provide an additional check on the 

applicability of the present techniques. With hydrogen admitted to the 

source, the %+ and H3+ ion intensities observed varied with pressure as 
shown in Figure 12. The repeller potential in this. case was one volt, 

resulting in a field of approximately 1.5 volt/an. 

resembles that found by Saporoschenko, 

and 4 volt repeller potential. The 3' - J+ conversion is essentially 

The pressure dependenc,e 
36 who used an ion pathlength of 0.5 cm 

c 
.' 
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complete at 50 microns pressure. The mode of ionic motion in this 

pressure domain is predominantly collisio*i-free acceleration. Indeed, 

residence times derived from first arrival measurements of the ion pulse 

were found to be pressure independent. Accordingly, Equation (4) has to 

be applied to correct for the pulse broadening due to the initial thermal 

velocities of the produced ions. As has been pointed out, residence time 

for hydrogen ions is of the same magnitude as the duration of the light 

pulse. However, first arrival time measurements should still give es- 

sentially correct residence time. 

is  1.1 p sec, in cloae agreement with the value calculated from.the assumed 

electric field. The average rate constant derived from the data shown in 

Figure 12 is k4 - 1.85 x loo9 cc/molecule sec, in good agreement with the' 
experimental value of 2 x 10'' cc/molecule 8ec given by Reuben and Friedman 

for low repeller fields, and with the value calculated from theory. 

The agreement with Saporoschenko's data is less satisfactory, but his measure- 

ments were made at higher fields and correspondi')ngly smaller residence times. 

Hir rerultr are more in accord with Giese and Maier'rr data, which approach 

the theoretical value as the ion velocities are lowered toward the thermal 

The average residence time thus deduced 

37 

38, 39 

40 

range 
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CONCLUSIONS 

The present investigation differs from previous mass spectrometer 

investigations of ion-molecule reactions in two respects: ( a )  photo- 

ionization replaces the more cormnonly employed electron impact mode of 

ion formation and (b) a new technique is employed for the determination 

of ion residence times in the source in the presence of a constant re- 

peller field. The ensuing advantages are: first, the state of the 

primary ions is reasonably well defined by the choice of ionizing wave- 

length and second , residence times can be obtained without a detailed 

knowledge of the electric field configuration in the ion source. This 

is particularly valuable at higher pressures where residence times are 

not calculable from Newton's formula. The interpretation of ion pulse 

shapes in terms of ion density distribution enables the determination of 

ion diffusion coefficients from the broadening of the density profile, 

and ultimately the derivation of approximate ion temperatures. It is an 

important finding that at pressures above 50 microns, where the basic 

motion of ions is drift in the electric field the ionic temperatures 

are in the thermal range provided only moderate fields are applied. 

Finally, rate constants forG several reactions involving nitrogen and hy- 

drogen ions are given and compared with existing data where available. 

Satisfactory agreement is obtained in all'cases, indicating that the 

methods applied here are useful in extending rate constant determination 

toward highei- pressures . 
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APPENDIX 

To evaluate the effect of diffusion on a group of ions moving in 

the source under the influence of a field, consider the following 

idealized physical situation. It is assumed that ions are deposited 

by a delta source release 

x = 0,and that a one dimensional Gaussian ion concentration profile 

develops due to diffusive motion perpendicular to the plane of origin: 

at the instant t = 0 in the plane 

Here, x is  the distance from the center of the profile, No is the total 

number of ions generated per unit area in the plane of origin, and D is 

the diffusion coefficient. 

Superimposed upon diffusion is the motion of ions toward the sampling 

orifice due to the applied electric field. 

dicular to the plane of origin, it is convenient to express x in terms of 

the drift velocity v and the time t. 

occurs, the drift velocity is constant, so that x = d - vt with d being the 
known distance from the center of the light beam to the sampling aperture. 

If the average residence time 

Sin'ce the field is also perpen- 

In the pressure region where diffusion 

= d/v is introduced, x d(l - t/'ro). 
Consider now the flux of ions entering the sampling aperture. The 

contributions of both drift and diffusion give the flux 

' xn(x, tl 
t, + 2 t  . 
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The buildup of charge a2 the detector located behind the sampling 

aperture is given by the time integral 

which can be evaluated to yield 

The determination of the time t 3: T at which ions are first detected 

requires the definition of a threshold. Since experience has shown 

that the average practical detection limit is around ten percent of 

the total pulse height displayed on the oscilloscope, it is reasonable 

to set P(v, t) = 0.1 N 

This leads to 

and evaluate the error function accordingly. 
0 

0.906 = x/2 & = d(l - T/T 
0 

which can be rearranged to yield 

T = d[l - (1.28/d) 6 1  * 
0 

In the low pressure region where the motion of ions is governed by 

collision-free acceleration in the electric field, the broadening of 

the ion concentration profile is due to the thermal distribution of 

initial ion velocities, and .' 
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Here, m is the mass of the ion, k the Boltzmann constant, and T the 

temperature. The flight velocity is  no longer constant, but the ac- 

celeration a provided by the field is .  Similarly as above, x - d - 
, ’. , 

2 2 2  at / 2  = d(1 - t /T ) and by the same arguments, one derives for t h i s  
0 

case 

T 7 2 /[1 - (1.28~/d) 
0 

.. . .  
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